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GENERAL INTRODUCTION 
Glucoamylases (1,4-a-D-gIucan glucohydrolase, EC 3.2.1.3, GA) isolated from fungi, 
yeast and bacteria are a family of enzymes that primarily catalyze the cleavage of a-(l,4) 
glycosidic bonds in starch and related oligo-saccharides with the release of P-glucose from 
the non-reducing end of the substrates. 
Glucoamylase from Aspergillus awamori is a good system for genetic and 
biochemical analysis because 1) detailed biochemical information about it such as the three-
dimensional structure is known. Aspergillus awamori var. XI00 GA has a solved crystal 
structure for the first 470 amino acid residues. This GA has -95% homology with the 
catalytic domain of owa/norf GA (Aleshin er a/., 1992, 1994a, 1994b, 1996; 
Harris et al., 1993). Amino acid sequence alignments between sixteen GAs from different 
organism sources (Coutinho and Reilly, 1994b) provide necessary structural and functional 
information for design of engineered variants of GAs with desired properties; 2) the gene 
encoding GA from Aspergillus awamori has been cloned and can be expressed in 
Saccharomyces cerevisiae (Irmis et ai, 1985), which makes genetic manipulation on the gene 
convenient; and 3) GA is heavily used in the food industry to produce high-glucose syrups. 
These syrups are the feedstocks for the production of high-fructose syrups, ethanol, and other 
products of flmgal fermentation. Therefore, research on glucoamylase may be applied in 
industry. 
The relationship between protein structure and stability is one of the key problems of 
modem biochemistry, and its solution will contribute to a better understanding of protein 
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folding and function. Giucoamyiase from A. awamori has a relatively high affinity for 
substrates and moderate thermostability (Manjunath et al., 1983) with a short half-life at 
temperatures above 70 °C. It is very interesting to investigate the factors that contribute both 
to stability and function, especially the contribution from the amino acid residues. 
Furthermore, in the food industry a highly thermostable form of giucoamyiase is desired 
because at higher operational temperatures not only can the reaction rate be increased, but 
also the chance of microbial contamination can be decreased. 
This dissertation presents a research program on the analysis of the molecular basis of 
giucoamyiase thermostability and folding/unfolding by site-directed mutagenesis. Basically, 
mutations were constructed to prevent the incorrect conformations, which are assumed to be 
responsible for the ureversible thermoinactivation giucoamyiase. The effect of the mutations 
on giucoamyiase stability against denaturants was also investigated. In addition, a folding 
model of giucoamyiase was also proposed and tested. 
The following sections of this dissertation will present a literature review to provide 
a background to this work and the progress that has been made so far. 
Literature Review 
This review consists of three parts: 1) the first part provides the background of 
Aspergillus giucoamyiase including the variant forms, structural properties, biochemical 
properties, post-translational modifications, and GA protein engineering; 2) the second part 
describes mechanisms of protein thermoinactivation; and 3) the third part introduces the 
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strategies of protein stabilization and discusses the molecular basis of GA thermoinactivation 
and previous work that has been done to stabilize OA. 
Aspergillus awamori Glucoamylase 
Variant forms ofglucoamylase 
Glucoamylase is produced by various microbial organisms, such as bacteria, yeast 
and fiingi, differs primarily in molecular weight, amino acid sequence and the capacity to 
adsorb to starch granules (Saha and Zeikus. 1989). GA produced by Aspergillus spp. have 
two to three major variant forms, which are encoded by one gene but are modified post 
translationally by limited proteolysis (Boel et al., 1984; Nunberg et al., 1984; Hayashida er 
al., 1989). The GA gene of Aspergillus niger and that of Aspergillus awamori codes for a full-
sized GA I, which consists of 616 amino acid residues, as well as a signal peptide at the N-
terminus that is cleaved after the secretion fi-om the cell. The other major product of GA I 
proteolysis is GA II resulting from loss of the C-terminal starch-binding domain. GA II is a 
mixture of polypeptides of length 512 and 514 amino acid residues, with normal catalytic 
cleavage but without the ability to bind raw starch (Svensson et al.. 1986). 
Aspergillus niger and Aspergillus awamori GA 1 have identical amino acid 
sequences. The Aspergillus awamori \'ar. XI00 GA. for which the solved crystal structure 
exists, consists of the first 470 amino acid residues, and is obtained by proteolysis with 
subtilisin (Aleshin et al., 1992). A. awamori var. XI00 GA has ~95% homology with the 
corresponding region of Aspergillus awamori GA (Coutinho and Reilly, 1994b). 
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Structural properties of A. awamori glucoamylase 
The full-length Aspergillus glucoamylase, designated GA I, contains three functional 
domains: 1) a large catalytic domain (residues 1-467), including an O-glycosylated region 
from residues 441-467; 2) an extended domain heavily 0-glycosylated at serine/threonine 
residues (residues 468-508); and 3) a native granular starch-binding domain (residues 509-
616) (Coutinho and Reilly, 1994a). The crystal structure data of A. awamori var. XI00 GA 
was collected from its truncated form consisting of the entire catalytic domain (residues 1-
471), which can be used as a structure reference for the A. awamori GA in this study. 
The crystal structure of A. awamori var. XI00 GA (Aleshin et al., 1992) showed that 
the catalytic domain consists of thirteen a-helices, which include 51% of the residues in the 
entire polypeptide, with minor regions of antiparallel P-strands. Twelve of the a-helices are 
arranged into an ot/a barrel consisting of two sets of six helices. One set makes up the core of 
GA and the other set surrounds the core. The catalytic domain of GA has the general shape of 
a doughnut, with a barrier of hydrophobic residues at the center which locks the "hole" of the 
doughnut. These hydrophobic residues separate two water-filled voids, one serving as the 
active site composed of residues from different loops connecting the two sets of a-helices. 
and the other with an unknown function (Aleshin et ai, 1994a). Helix 11 is outside of the 
barrel, which makes it interesting to investigate its contribution to the folding of the entire 
polypeptide. The o/a barrel structure of GA is almost unique, and contrasts with the a/p 
barrel topology organization found in other amylolytic enzymes such as a- and 3-amylase 
(Buisson et at., 1987 and Mikami et al., 1993) and cyclodextrin glucanosyltransferases 
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(Klein and Schulz, 1991). An extended 0-glycosyIated region, containing thirty residues 
(440-470), closely wraps the main body of the catalytic domain like a belt (Aleshin et al.. 
1992). 
The extended linker domain connects the catalytic domain and starch-binding domain 
like a rigid rod. Its contribution to the function of the entire polypeptide will be discussed in 
the following section. 
The starch-binding domain gets its name from its capability of binding to native 
granular starch and allowing its digestion by the catalytic domain (Svensson et al., 1983). Its 
physiological function appears to be to tether GA to the cell wall. The starch-binding domain 
has affinity for a-1,4 and a-1,6 cell wall glucan upon secretion, and is assumed to raise the 
GA concentration near the cell (Neustrov et al., 1993). GA II. which lacks residues 513-616. 
has a similar ability to digest soluble starch as GA I. but has a drastically decreased ability to 
bind to and hydrolyze native starch (Svensson et al., 1982). The starch-binding domain of 
GA has significant amino acid sequence homology to the starch-binding domain of 
cyclodextrin glucodyltransferases (CGTases) (Svensson et al., 1989). The three-dimensional 
structure of CGTase indicates that the CGTase starch-binding domain is globular, containing 
six to eight 3-strands (Klein and Schulz. 1991). The solution structure of the GA starch-
binding domain, solved recently, reveals a well defined 3-sheet structure consisting of one 
parallel and six antiparallel pairs of 3-strands that form an open-sided 3-barrel. Two binding 
sites for ligands were found in this domain, with each site at one end of the molecule on 
opposite faces (Sorimachi et al., 1996). The binding mechanism of this domain to starch 
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granules is proposed to involve the formation of an inclusion complex between the 
hydrophobic residues of the starch-binding domain and the starch granule (Goto et al., 1994). 
Biochemical properties and post-translational modification 
Aspergillus awamori GA has a molecular weight of 82.5 kDa (Svensson et al., 1983), 
which is similar to the molecular weight of the form expressed in Saccharomyces cerevisiae 
82.4 kDa (Khan and Ford, unpublished data). The optimal pH for catalysis of GA is pH 4.5, 
determined by plotting Ka/^m a fimction of pH. The isoelectric point (pi) of GA is pH 4.0. 
Although A. awamori GA primarily catalyzes the hydro lytic cleavage of a-(l,4) 
linkages with the release of $-glucose from the nonreducing end of starch chains and 
oligosaccharides, it also cleaves a-(l,6) glycosidic linkages with a catalytic efficiency 
(k^a/Km) about 500-fold less than that of a-(l,4) linkages (Fleetwood and Weigel, 1962). 
Sierks et al (1990) assigned Glul79 to the limiting pBL, value of 5.8 and suggested it serves as 
the catalytic acid. This was later confirmed by a crystal structure study (Aleshin et al., 
1994a). Glu400 was determined to be the catalytic base (Harris et al., 1993), which was also 
confirmed by site-directed mutagenesis (Frandsen et al., 1994). 
Like other proteins after synthesis in the cytoplasm, GA is translocated in an unfolded 
state through the membrane of the endoplasmic reticulum (ER). During the subsequent 
folding process, N- and 0-Iinked glycosylation occurs and disulfide linkages are formed 
(Pryer et al., 1992; Gaut and Hendershot, 1993). The large number of unfolded proteins that 
enter the lumen of the ER must be protected from aggregation and be maintained in a 
folding-competent state. Inefficient folding or mutations in secretory proteins result in the 
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translocated polypeptides failing to have correct conformation (Bonifacino and Klausner, 
1994). 
There are four pairs of disulfide linkages in GA. of which three are in the catalytic 
domain and one in the starch-binding domain. In the catalytic domain, the linkage pairs are 
between residues 210 and 213 (connecting the N-terminal and the middle of helix 7). 262 
and 270 (within an antiparallel 3-strand), and 222 and 449 (associates the 0-glycosylated 
thirty-residue "belt" with the catalytic domain) (Aleshin et al., 1992). The starch-binding 
domain is thought to have one disulfide linkage between residues 509 and 604. which 
connects the N- and C-termini of the starch-binding domain (Coutinho and Reilly, 1994b). 
There are two N-glycosylated residues (Asnl71 and Asn395) in GA in the vicinity of 
the active site. In each case the ND2 of Asn is 3-linked to the CI position of the first sugar 
residue (N-acetyl-D-glucosamine), followed by 3-l~*4 linkages to the second (N-acetyl-D-
glucosamine) and the third (D-mannose) residues (Aleshin et al., 1992). The total number of 
sugar residues to form the glycosyl chains linked to Asnl71 and Asn395 is five and eight, 
respectively (Aleshin et al., 1994a). The mutation Asn395-*Ghi, which removes the N-
glycosylation site at residue 395, drastically decreases secretion as well as thermostability 
while not changing the specific activity (Chen et al., 1994b). 
The GA catalytic domain has an 0-gIycosylated region thirty residues in length 
(residues 441-470), which wraps around the main body of the catalytic domain. This region 
has ten Ser/Thr residues with the OG a-linked to the CI position of a single D-mannose 
residue (Aleshin et al., 1992). The linker domain (resides 471-508), which separates the 
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catalytic domain and starch-binding domain, is extensively O-glycosylated at Ser/Thr 
residues (about thirty residues totally). The 0-glycosidically linked carbohydrate chains 
consist of two to three mannose residues (Gunnarsson et al., 1984). The CD spectrum of the 
linker domain suggests it is an extended random-coil region. This was deduced by 
comparison of three polypeptides of GA including residues 471-616,499-616 and 509-616 
(Williamson et al., 1992a, b). Mutant GAs with partial deletions or duplication of this region 
result in great changes in secretion and/or thermostability but no change in activit\' of either 
the catalytic domain or starch-binding domains (Libby et al., 1994; Semimaru et al., 1995). 
Wang et al. (1996) investigated the effect of removal of the 0-linked carbohydrate moiety on 
the folding, thermo-unfolding and renaturation after thermal unfolding of GA. In this study, 
GA was deglycosylated by treating it with a-marmosidase. Circular dichroism (CD) spectra 
data of native and deglycosylated GA at temperatures below 50 °C show no significant 
change exists between the two forms. This means that 0-glycosylation does not affect the 
folding of GA at mild (e.g. physiological) temperatures. DSC (differential scanning 
calorimetry) studies on the thermo-unfolding of glycosylated and deglycosylated GA forms 
showed that the unfolding temperature (T^,) and unfolding enthalpy were decreased by 
deglycosylation, which again suggested that glycosylation is critical for GA diermostability. 
Studies of the reversibility of GA to heat denaturation revealed that deglycosylated GA has 
poor thermal reversibility in calorimetry scans compared to native glycosylated GA, and also 
has more tendency to aggregate during thermal inactivation. All the above studies provide us 
with a more complete picture of the contribution of GA glycosylation: 1) die 0-glycosylated 
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linker serves as a semi-rigid rod, which separates the catalytic and starch-binding domains so 
that imfavorable contact between the two domains is impossible; 2) N- and 0-glycosylation 
stabilize mature GA against denaturation factors such as heat; 3) glycosylation aids in folding 
of the nascent GA polypeptide in vivo, and protects GA from aggregation in the unfolded 
state both in vivo and in vitro. Mutants which have lost glycosylation sites have secretion 
problems possibly because they have more tendency to aggregate and thus stay inside the 
cell. 
GA Protein engineering 
To convert starch to glucose syrups in the food industry, the following properties of 
A. awamori GA are desirable: I) higher thermostability combined with retention of high 
specific activity; 2) higher pH optimum and 3) lower selectivity for hydrolyzing a-1,6 
glycosidic linkages. (Chen. 1993: Flory. 1993; Bakir, 1992; Sierks and Svensson, 1993a). 
Mutant glucoamylases constructed to improve thermostability will be described in a 
later section. 
To change the GA optimal pH. mutations were introduced into the region near the 
active site, but unformnately. only low-activity mutants with pH profiles similar to the wild-
type were obtained (Bakir ei al.. 1993). In another study, mutants Glyl83—>Lys and 
Serl84->His, which introduce a cationic side chain, broadened the optimal pH range for 
activity towards acidic as well as alkaline conditions (Sierks and Svensson, 1993a). 
Sierks and Svensson (1993a) constructed several mutants designed to change catalytic 
selectivity based on local homology of active-site regions with other hydrolyzing enzymes. 
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such as a-amylase and Hormoconis resinae GA, which lacks the ability to hydrolyze a-1.6 
glycosidic linkages. Mutants Serl 19-^Tyr, Glyl83->Lys and Serl84-^His had decreased 
selectivity for isomaltose but retained the activity to hydrolyze maltose. 
Thermosensitive GA is desirable in making light beer. Since GA is added during light 
beer brewing to digest dextrin content and then gets inactivated at high temperatures, a 
thermolabile GA could shorten the period of time to be inactivated. Thermolabile GA 
mutants were generated by random mutagenesis (Flory 1993; Flory et al.. 1994). Mutants 
Ala302—^Vai, Gly396—>Ser, and Gly407->Asp were thermolabile and retained 77. 94 and 
100% respectively, of wild-type GA activity. The last two mutants have the potential to be 
applied in light beer production, since they are easier to be inactivated during pasteurization. 
Mechanisms of Enzyme Thermoinactivation 
For a flmctional enzyme, covalent bonds such as peptide bonds and disulfide linkages 
as well as non-covalent interactions such as hydrophobic. Van der Waals, ionic interactions 
and hydrogen bonds allow an enzyme to maintain a proper conformation to bind a substrate 
and catalyze a reaction. If temperature is elevated, these bonds and interactions are destroyed 
due to the increased intamolecular motions caused by heat. Therefore, the activity of the 
enzyme is affected by many mechanisms, which can be divided into three categories: 
reversible, potentially reversible and irreversible based on whether or not the activity can be 
regained after the high temperature no longer exists. 
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Reversible thermoinactivation 
In the thermoinactivation process, usually the first step is reversible inactivation. Due 
to the destruction of non-covalent interactions that maintain the functional conformation for 
substrate binding and catalysis, the active and well folded enzyme is in a thermodynamic 
equilibrium with partially active and partially unfolded enzyme. This process is reversible 
when the temperature is lowered. The intramolecular motion decreases, non-covalent 
interactions are regained and the function of this enzyme recovers (Ahem and Klibanov. 
1988). 
Potential thermoinactivation 
After the enzyme is partially unfolded, prolonged incubation can result in inactivation 
that is not spontaneously reversible when the temperature is lowered. In this process 1) the 
hydrophobic core of the enzyme is exposed and such hydrophobic surfaces can form 
intermolecular interfaces via aggregation to maximize the entropy of the solvent. This 
aggregated polymolecular complex is not functional because the functional conformation 
does not exist anymore; 2) the enzyme can form "scrambled" structures that are 
thermodynamically stable but inactive because after the partial unfolding, the polypeptide 
becomes free to sample many conformational states; 3) disulfide bonds within the enzyme 
can undergo reduction and reoxidization to give rise to an inactive form of the enzyme with 
mismatched disulfide bonds. Intra-polypeptide exposed free cysteines that were buried when 
the enzyme was in the folded state can also form mismatched disulfide linkages. This process 
is called potential inactivation because the activity of the enzyme can be regained by adding 
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Strong detergents followed by dilution or dialysis to get rid of aggregates and "scrambled" 
structures or by adding reducing reagents to destroy the mismatched disulfide bonds followed 
by oxidation to reform the correct disulfide linkage pairing. This kind of thermoinactivation 
is potentially reversible though it is not spontaneously reversible (Ahem and Klibanov, 
1988). 
Irreversible thermoinactivation 
When the temperature is elevated, many covalent chemical modifications can take 
place within the enzyme polypeptide such as: 1) deamidation of asparagine residues. The side 
chain -NH3 group of Asn can form a cyclic imide intermediate with the following main chain 
N atom with the release of one molecule of NH3 This cyclic imide intermediate will be 
changed and form an aspartyl or isoaspartyl peptide. The Asn-Gly sequence in peptides is 
particularly susceptible to such chemical modification (Tyler-Cross and Schirch, 1991); 2) 
hydrolysis of aspartyl peptide bonds. The side chain of Asp can form an unstable cyclic 
anhydride intermediate with the main chain carbonyl group, with the release of the peptide 
bond in the residue following the Asp residue (Ahem and Klibanov, 1985). This leads to the 
destruction of the integrity of the enzyme polypeptide and thus makes the enzyme inactive. 
Asp-Gly and Asp-Pro peptide bonds are particularly thermolabile linkages (Stephenson and 
Clarke, 1989). 
These processes are irreversible because in each case the enzyme undergoes chemical 
modification, which may lead to irreversible loss of activity. 
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For a particular enzyme, the thermoinactivation may include one or multiple 
combinations of the above mentioned mechanisms. 
Strategies for Stabilizing Protein 
Once the mechanism for the thermoinactivation of a particular protein is revealed, 
site-directed mutagenesis can be carried out to remove the "weak link" factor or to introduce 
stabilizing factors to stabilize it. 
By using rational design based on three-dimensional structural and amino acid 
sequence alignment information, the following approaches have been carried out to stabilize 
proteins. 
1) Reduction of the number of possible conformations in the unfolded state of protein 
by replacing Gly with other residues and other residues with Pro (Matthews et al.. 1987; Hu 
et al.. 1992; Nicholson et al., 1992; Ueda et al.. 1993). Glycine does not have a P-carbon, 
thus allowing more conformational freedom in a polypeptide than other residues such as Ala. 
Thr, Val and lie, which have side chains. The replacement of Gly wnth Ala or other residues 
could restrict the backbone conformation more and thus stabilize the whole polypeptide. 
Proline is a very special amino acid with a pyrolidine ring that fixes the <j) angle around -60° 
(Nicholson et al., 1992; Ueda et al.. 1993) within a certain polypeptide. Thus replacing other 
residues with proline could restrict this site to fewer conformations; 
2) Introduction of disulfide bridges to inhibit unfolding (Perry and Wetzel, 1984; 
Wetzel, 1987; Matumura et al., 1989; Clarke and Fersht, 1993); 
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3) Enhancement of the electrostatic interactions inside the protein including salt 
bridges (Wetzel, 1987), hydrogen bonds (Alber et al.. 1987). interactions of charged groups 
with a-helix dipoles, and of polar amino acid side chains with a-helix dipoles (Sali et al.. 
1988; Nicholson et al.. 1988; Serrano and Fersht. 1989; Eijsink et al.. 1992); 
4) Introduction of more hydrophobicity into the protein core (Sandberg et al.. 1989; 
Daopin et al., 1991); 
5) Making the hydrophobic surface of the protein less accessible to water (Wigley et 
al.. 1987; Pakulaand Sauer. 1990); 
6) Improvement of bacterial protein thermostability by expression in eukayotic cells 
to modify protein by glycosylation (Olsen and Thomsen, 1991); 
7) Introduction of a metal binding site (Kuroki et al., 1989); and 
8) Replacement of lysine residues with arginine (Mrabet et al.. 1992). 
GA Thermoinactivation and Thermostability 
GA imdergoes irreversible thermoinactivation at pH 3.5,4.5 and 5.5 at 70°C as 
shown by loss of activity upon cooling (Munch and Tritsch, 1990). Hydrolysis of Asp-X 
peptide bonds takes place at pH 3.5 and pH 4.5. but was shown not to be the rate-determining 
step during thermoinactivation at high temperatures by two lines of evidence: I) chemical 
modification of carboxyl groups (including Asp) in GA decreased the rate of peptide bond 
hydrolysis but did not decrease the rate of inactivation; 2) site-directed mutations 
Asp257->Glu and Asp293->Glu or Gin reduced the cleavage of peptide bonds but did not 
change GA thermostability at high temperatures (>70°C) (Chen et al., 1995). Deamidation 
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also has been shown not be the rate-determining step during GA thermoinactivation at high 
temperatures because mutations eliminating deamidation sites did not improve 
thermostability at high temperatures (Chen et al.. 1994a and b). Thus hydrolysis of Asp-X 
peptide bonds and deamidation could be subsequent events after thermoinactivation at high 
temperatures. 
Aggregation and precipitation takes place during GA thermoinactivation. which is 
shown to be subsequent to the rate-limiting mechanism because GA thermoinactivation 
obeys first-order kinetics (Munch and Tritsch. 1990). Mismatched disulfide bonds are not 
formed during GA thermoinactivation at pH 3.5 and pH 4.5. 
This evidence showed that there must be some other mechanism for GA 
thermoinactivation, which could be the formation of "scrambled" structures. 
To increase thermostability, mutant glucoamylases have been constructed 1) to 
eliminate the sites of thermoinactivation by deamidation and thermoiabile aspartyl bonds; 2) 
to increase the a-helix stability of GA; and 3) to introduce additional disulfide linkages in 
GA polypeptide. (Chen, et al.. 1994a. b. 1995. 1996; Fierobe et al.. 1996). Mutants 
Asnl82->Ala and Glyl37—>Ala showed increased thermostability up to 70°C and 75°C, 
respectively, with similar specific activities as the wild-type GA. Mutants Asp257—>Gln, 
Asp293—>Glu and Asp293—>Gln have slightly increased thermostability below 70°C with 
retention of about 77% of wild-type activity. Mutant Ala246—>Cys. which was proposed to 
form a disulfide linkage with Cys320. has increased thermostability with retention of 27% 
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and 85% of wild-type GA activity when maltose and maltoheptose were used as substrates, 
respectively. 
Research Objectives 
There are five objectives in this research program: 
1) To test the effect of replacing lysine residues with arginine residues on the 
thermostability and catalytic activity of GA. 
2) To explore the function of the packing void in GA and study the effect of 
eliminating buried water molecules and enhancing hydrophobic mteractions in the core of 
GA on GA thermostability 
3) To study the effect of introducing proline residues on stability of GA against high 
temperature and a chemical denaturant. 
4) To engineer more disulfide linkages in GA and study their effect on thermostability 
and catalytic activity. 
5) To test the additivity of GA thermostable mutations and try to construct 
thermostable engineered GA for application in the food industry. 
The first and second objectives have been established and presented in the first paper 
of this dissertation, results accomplishing the third objective will be shown in the second 
paper and results fulfilling the last two objectives will be covered in the third paper. 
Dissertation Organization 
This dissertation contains a general introduction, general conclusions and 
recommendations, and three papers written in a format for publication in Protein Engineering 
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(Oxford University Press). The general introduction is provided to introduce the reader to the 
scientific relevance of this research program. Each paper will provide its individual reference 
list. References cited in the general introduction are listed at the end of this dissertation. 
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ABSTRACT 
Site-directed mutagenesis was used to replace lysine residues with arginine residues 
and fill the inside packing void in order to improve the thermostability of Aspergillus 
awamori glucoamylase (GA). Four lysine residues, Lys61, Lys279, Lys352 and Lys404, 
were replaced with arginine. with all but Lys404 well exposed to the solvent and far away 
from the enzyme activity site. Lys61, Lys279 and Lys352 had arginine as their counterpart 
residues in related GAs. The specific activities of the mutant enzymes were the same as that 
of the wild-type (WT) GA except mutant K279R (Lys279->Arg), which had decreased 
specific activity . The mutations had the same K„, k^ai, and Ar^a,/ K„ values with maltose as 
substrate except that mutant K404R (Lys404 ->Arg) had K„ decreased by half and an 
increased k^-a,/ K„ ratio. Mutant K352R (Lys352->Arg) was slightly more thermostable than 
WT GA up to 70OC, while mutants K279R (Lys279^Arg) and K404R (Lys 404-^Arg) has 
the same stability as WT GA and mutant K61R (Lys61 ->Arg) were less stable than the WT 
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GA. Mutations K61F/D65E CLys61-)>Phe/ Asp65-^Glu) and H254W/E326Q 
(His254—•Trp/Glu326^Gln) were made to fill a packing void around the inner set of six a-
helices of GA and to displace water molecules inside the void. Mutation K61F/D65E retained 
the similar specific activity as WT GA while mutation H254W/E326Q decreased specific 
activity by five times. Mutation K61F/D65E increased the rate of irreversible 
thermoinactivation compared with WT GA. Mutation H254W/E326Q affected the correct 
folding of GA as demonstrated by CD spectra. The effects of the mutations on the 
thermostability and catalytic activity are discussed. 
Key words: glucoamylase/arginine/lysine/thermostability/unfolding/cavity-
filling/hydrophobic interaction/protein core/buried water 
INTRODUCTION 
Glucoamylase (1,4-a-D-glucan glucohydrolase, EC 3.2.1.3. GA) catalyzes the 
cleavage of a-(l,4) glycosidic bonds in starch and related oligosaccharides with the release of 
glucose fi-om the nonreducing ends of the substrates. Aspergillus awamori and Aspergillus 
niger GAs, which are identical in amino acid sequence, are extensively used in the food 
industry along with a-amylase in the production of high-glucose syrups firom starch. GA is 
composed of a catalytic domain comprising residues 1-471, which facilitates hydrolysis, a 
starch-binding domain between residues 509 and 616, which can bind raw starch but does not 
catalyze starch hydrolysis, and a linker region (residues 472-508), which links the catalytic 
domain and starch-binding domain together. The crystal structure of GA fi-om A. awamori 
var. XI00, which has 95% amino acid sequence identification with the catalytic domain from 
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A. awamori GA, has been determined. It revealed that the catalytic domain consists of 
thirteen a-helices, with twelve of them arranged into an a/a barrel (Aleshin et al., 1992). The 
crystal structure complexed with the inhibitor 1-deoxynojirimycin suggested that Glul79 and 
Glu400 serve as the catalytic acid and base, respectively. with a water molecule serving as 
nucleophile in maltooligosaccharide hydrolysis (Harris et al., 1993). 
There are many approaches to improve protein thermostability. The combination of 
rational design from three-dimensional structure analysis, protein amino acid sequence 
alignments, and site-directed mutagenesis of the gene coding for the protein has proven to be 
a powerful tool for determining the contributions of specific amino acid residues to protein 
stability. Replacing glycine with other amino acid residues and substimting with proline 
residues stabilizes proteins by reducing the number of possible conformations in the protein 
unfolded state (Matthews et al., 1987). Introducing disulfide bridges and other cross-links is 
also stabilizing (Perry and Wetzel, 1984; Wetzel, 1987; Matsumura et al., 1989. Clarke and 
Fersht, 1993), as is enhancing electrostatic interactions among the residues. Such interactions 
include salt bridges (Wetzel, 1987), hydrogen bonds (Alber et al., 1987), charged groups with 
a-helix dipoles, and polar amino acid side chains with a-helix dipoles (Nicholson et al., 
1988; Sali et al., 1988; Serrano and Fersht. 1989). In addition, proteins have been stabilized 
by introducing more hydrophobic into the core of the protein (Sandberg et al., 1989; Daopin 
et al., 1991); and making the hydrophobic surface of the protein less accessible to water 
(Wigley et al., 1987; Pakula and Sauer, 1990). There are few smdies on GAs with increased 
thermostability, although they are desirable industrially. Chen et al. (1994a,b) reported that 
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mutations Asnl82—•Ala and Asp257^GIu, which appeared to eliminate deamidation and 
peptide hydrolysis sites, reduced irreversible thermoinactivation of GA at pH 4.5 below 
70OC. Mutations Glyl37—••Ala. Glyl39—•Ala. and Glyl37/l39->Ala/Ala, which reduced 
helix flexibility increased thermostability up to 750C (Chen et al., 1996). Analysis of other 
factors involved in GA thermostability will yield a more complete understanding of this 
biochemical property. 
Arginine appears to be more stabilizing to proteins than lysine, based on the 
observation that the Arg/Lys ratio is larger in proteins from thermophilic organisms than 
those from mesophiles (Menendez-Arias and Argos, 1989), and the further observation that 
chemical conversion of lysine to homo-arginine made bovine serum albumin more 
thermostable (Qaw and Brewer. 1986). Arginine has a longer and more active side chain and 
therefore has more potential to take part in the electrostatic interactions with other residues 
and solvent molecules. The longer side chain of arginine may make the protein backbone less 
flexible and thus more stable (Mrabet at al.. 1992). Lys—•Arg mutations may also prevent 
nonenzymatic glycation of important amino groups, which occurs by Schiff base formation 
between the sugar aldehyde function and both N-terminal and lysyl Ns-amino groups and 
might have a negative effect on enz\ me activity (Mrabet et al., 1992). Lys—>Arg 
substitutions successfully enhanced the thermostability of D-xylose isomerase (XI) from 
Actoplanes missouriensis and human copper, zinc-superoxide dismutase (Mrabet et al., 
1992). 
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Significant numbers of water molecules are buried within GA (Aleshin et ai, 1992 
and 1994). There is a packing void defined in the inner set of six a-helices of GA. which is 
divided by a set of hydrophobic residues into two compartments. One of the compartments is 
the active site and the other is a cavity of unknown fimction. It is of interest to introduce 
mutations to fill the cavity with hydrophobic residues and thus increase the hydrophobic 
interactions as well as displace water molecules and reduce the area of hydrophobic surface 
accessible to water. This could be a promising approach to enhance thermostability of GA. 
In this study, we substitited arginine for lysine at positions 61,279, 352. and 404. and 
made the double mutations K61F/D65E (Lys61->Phe/Asp65—>Glu) and H254W/E326Q 
(His254->Trp/Glu326->GIn) of A. awamori GA to examine their effects on thermostability 
and catalytic activity as well as to understand the thermoinactivation process. 
MATERIAL AND METHODS 
Computer Modeling and Three-dimensional View of Mutated Residues 
The candidate residues of A. awamori GA for mutagenesis were modeled with the 
crystal structure of A. awamori var. XI00 GA (Aleshin et al.. 1992) {3gly in the Brookhaven 
Protein Data Bank) as reference by the Quanta program (Molecular Simulations, Inc.) 
installed in a Silicon Graphics 4D/35 workstation. The three-dimensional views of the 
locations of mutated residues were drawn with the MOLSCRIPT program (Kraulis. 1991). 
Site-directed Mutagenesis 
A 1.7 Kb Xhol-BamUi fi-agment of GA cDNA was subcloned into the phagemid 
vector pGEM-7Zf(+) (Promega) fi-om the yeast expression plasmid YEpPMlS (a gift fi-om 
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Cetus Corporation). Site-directed mutagenesis was carried out by using the Muta-Gene 
phagemid in vitro mutagenesis kit from Bio-Rad (Kunkel et al., 1987) to construct mutations. 
Oligonucleotides with the following sequences: 5'-gtc teg tcc tc agg acc ctc gtc ga-3'. 5'-cgc 
caa cca c agg gag gtt gta ga-3', 5'-ctg gac ttc ttc agg gca ctg tac ag-3' and 5'-gag caa tac gac 
agg tct gat ggc ga-3' were synthesized by the ISU Nucleic Acid Facility to replace lysine 
codons with arginine codons (bold) at amino acid positions 61, 279. 352 and 404. 
respectively. Oligonucleotides with the following sequences : 5'-gt ctc gtc ctc ttc acc ctc gtc 
gaa ctc ttc cga aat-3\ 5'-ctg gga age ate tgg acc ttt gat c-3' and 5'- g get gcc gca caa cag ttg 
tac gat g-3' were synthesised to make mutation codons (bold) for mutant K61F/D65E. 
H254W, E326Q respectively. After in vitro mutagenesis, the reaction mixture was used to 
transform E. coli strain MVl 190. The plasmid from one of the resulting colonies was 
sequenced to verify that it contained the desired mutant. All the verified mutations were 
cloned back into yeast expression vector YEpPMlS and transformed into S. cerevisiae strain 
C468 cells by electroporation. The transformants were selected on a SD-His minimal 
medium (Innis et al., 1985). 
Production and Purification of GAs 
GA expression was under the control of the yeast ENOl promoter in YEpPMlS 
(Innis et al., 1985). S. cerevisiae containing the WT or mutated GA gene was grown 24 h at 
30^0 in 10 ml SD-His broth followed by inoculation into a 2-L flask containing 1-L SD-His 
broth at a volume ratio of 1:100 and incubation at 30OC and 190 rpm for 5 days. The 
fermentation culture was centrifuged at 3000 rpm to harvest the supernatant followed by 
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concentration at pH 4.5 with a lO-kDa cutoff Amicon SI spiral ultrafiltration cartridge. This 
was loaded onto a preequilibrated 10-mm i.d. x 64-nim long column containing acarbose-
Sepharose gel. Bound GA was eluted with 1.7M Tris-HCl buffer at pH 7.0, dialyzed against 
0.05M NaOAc, pH 4.5. buffer or 20niM phosphate buffer, pH 7.0. and concentrated. 
Protein Concentration Determinations and Enzyme-Specific Activity Assays 
GA concentration was determined with the Pierce biclinchoninic acid assay. Specific 
activity assay followed Chen et al, (1994b) at 50®C. Assays of thermoinactivated GA were 
by the same methods except at 350C. 
Kinetic Analysis 
Purified WT and mutated GAs were incubated at fourteen different maltose 
concentrations between 0.2 K„and 4 K„ in 0.05 M NaOAc buffer at pH 4.5 and 350C to 
determine initial glucose production rate. The maximal activity A:„,and Michaelis constant 
were calculated with the non-linear regression data analysis program ENZFITTER. 
Irreversible Thermoinactivation of GA 
Purified GA 40 ng/ml in 0.05M NaOAc buffer at pH 4.5 was incubated at five 
different temperatures at 2.50C intervals from 650C to 75°C. Samples were removed 
periodically, chilled on ice. held at O^C for 24 h. and subjected to activity assays. 
Thermoinactivation fit first-order kinetics (Chen et al., 1994a). The first-order rate 
coefficient of irreversible thermoinactivation, kj, was calculated by linear regression of In 
(residual activity) vs. elapsed time of incubation. 
25 
RESULTS 
Choice of Residues to be Replaced 
There are twelve lysine residues in^. awamori GA, among which lysine 61. 279. 352 
but not 404 are far from the active site and well exposed to the solvent (Figure la). Lys 404 is 
located in conserved segment S5 of GA and it is involved in the hydrogen bond network of 
binding substrate a-methyl-maltose according to computer modeling (Coutinho and Reilly . 
1994a). In this model, it is the backbone atom N and not the side chain of Lys404 that forms 
a hydrogen bond with the side-chain 0 of Asn315, which in turn is hydrogen bonded with 
GIn401. Therefore, it is unlikely that the Lys404—>Arg mutation would have a major effect 
on GA catalytic activity although it could affect thermostability. For lysines at positions 279. 
352 and 404, there are arginine residues in other GAs at these positions. Lys61 is not 
conserved (Coutinho and Reilly. 1994b), although Arg is not found at this position in other 
GAs. Therefore, since Lys—>Arg mutations at these positions would not likely interfere with 
catalytic activity, they were chosen for mutagenesis. The locations of these residues are 
shown in Figure la. 
In the enzyme cavity with unknown fimction, mutation His254-^Trp should displace 
water molecules and increase internal hydrophobic contacts. His254 has a buried ion pair 
with the nearby residue Glu326, which makes it necessary to replace Glu326 with Gin to 
eliminate an imcompensated charge group. Lys61->Phe might also displace water from the 
void and increase hydrophobic interactions. However, Lys6I has an ion pair with Asp65. If 
Asp65 is mutated to Glu, which has a longer side chain, it could form a salt link with Arg428. 
Thus there would be a link between the inner a-helices and the avoidance of an 
Figure 1. (a) Three-dimensional view of the catalytic domain of A. awamori var. XlOO GA (Aleshin el al., 1992), indicating the 
locations of residues Lys61, Lys279, Lys352, Lys404, Asp65, His254, and Glu326. The figure was generated 
using the program MOLSCRIPT (Kraulis, 1991). 
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Figure 1 (cont'd), (b) Three-dimensional view of the surrounding environment of residues Lys61 and Asp65 in A. awamori var. 
XI00 GA (Aleshin et al., 1992). Residues closer than 5A to Lys61 and Asp65 are displayed. Black balls 
signify water molecules. The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
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Figure 1 (cont'd), (c) Three dimensional view of the surrounding environment of residue Lys279 in A. awamori var. XlOO GA 
(Aleshin et ai, 1992). Residues closer than SA to Lys279 are displayed. Black bails signify water molecules. 
The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
Figure 1 (cont'd), (d) Three dimensional view of the surrounding environment of residue Lys352 in A. awamori var. XIQO GA 
(Aleshin et al., 1992). Residues closer than sA to Lys352 are displayed. Black balls signify water molecules. 
The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
Figure 1 (cont'd), (e) Three dimensional view of the surrounding environment of residue Lys404 in A. awamori var. XlOO GA 
(Aleshin et al., 1992). Residues closer than SA to Lys404 are displayed. Black balls signify water molecules. 
The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
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Figure 1 (cont'd). (I) Three dimensional view of the surrounding environment of residues His254 and Glu326 in A. awamori var. 
XlOO GA (Aleshin et al., 1992). Residues closer than S.SA to His254 and Glu326 are displayed. Black balls 
signify water molecules. The figure was generated using the program MOLSCRiP T (Kraulis, 1991). 
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uncompensated acidic side chain at GIu326. Therefore, double mutations H254W/E326Q 
and K61F/D65E are proposed. 
The locations and environment of mutated residues are shown in Figure 1. 
CD Spectra of WT and Mutant GAs 
CD spectra of WT and mutant K61F/D65E and H254W/E326Q GAs are shown in 
Figure 2. Mutant K61F/D65E has identical CD spectrum as the WT while mutant 
H254W/E326Q has CD spectrum changed from that of WT. The spectra suggested that 
mutant H254W/E326Q was not correctly folded. 
Specific Activity and Kinetics Analysis 
The specific activities of K61R (Lys 61->Arg), K352R (Lys352—>^Arg) and K404R 
(Lys 404—•Arg) mutant GAs were very close to that of WT GA. However, mutation 
K279R(Lys 279^Arg) decreased specific activity at SO^C by 35% (Table I). None of the 
Table I. Catalytic properties of wild type and mutant GAs produced by shaking flasks. 
GA form Specific Activity 
(lU/mg GA)' (mM) 
Ir \ul 
(s-') (s"' mM"') 
WT 20.6±0.2* 0.72x0.03 8.67±0.17 12.0 
K61R 18.8±1.5 0.75±0.12 8.40±0.39 11.2 
K279R 13.2±0.8 0.78±0.05 7.82±0.17 10.0 
K352R 19.8±0.6 1.04±0.08 8.35±0.21 8.0 
K404R 18.5±1.2 0.44±0.05 8.42±0.21 19.3 
K61F/D65E 18.5±0.4 N/D N/D N/D 
H254W/E326Q 3.5±0.2 N/D N/D N/D 
Standard error 
33 
7 
n p, 
I \ I • 
I i '» 
i i 
1 i ; i 
a, 
-10 
\ 
\-
\ • • . 
> • • . • / 
-18 
200 220 240 260 
Wavelength [nm] 
Figure 2. CD spectra of WT and cavity-filling mutant GAs. Filled, dotted and dashed 
line signifies WT, K61F/D65E and H254W/E326Q GAs, respectively. 
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lysine to arginine mutations ciianged k^at at SS^C. It is noticeable that K404R had much 
smaller K„ and greater k^J K„ ratio than WT GA, which implies that it binds the substrate 
better. The double mutation K61F/D65E has similar specific activity to WT GA while the 
mutation H254W/E326Q decreases specific activity five fold. 
Thermostability of GAs 
The irreversible thermoinactivation of WT and mutant GA was studied at 65'^C. 
67.5°C, TQOC, 72.5°C, and 75°C, with first-order irreversible theremoinactivation 
coefficients, kj, shown in Figure 3. K61R, K279R and K404R mutant GAs had larger values 
of kj than did WT GA within the measured temperature range. BC352R mutant GA had 
smaller value of kj than WT GA at all temperatures except 750C, which means the activity 
decreased more slowly than WT GA. Double mutation K61F/D65E had larger values of kj 
than did WT GA. 
Table II shows the activation enthalpy (aH^), entropy (aS*), and firee energy of 
Table n. Activation parameters for irreversible thermoinactivation of WT and mutant GAs 
at pH 4.5 produced by shaking flask 
GA form AH» AS' AG' (650C) AG' (750C) 
(kJ/mol) (J/mol-K) (kJ/mol) (kJ/mol) 
WT 366± 769=4 105.7 98.0 
K61R .356s 18 744±52 104.5 97.1 
K279R 380±15 813±43 105.6 97.4 
K352R 393±14 848±41 106.5 98.0 
K404R 358± 6 749±I8 105.3 97.8 
K61F/D65E 320± 3 640±I5 103.7 97.3 
® standard error 
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Figure 3. Effect of temperature on first-order thermoinactivation rate coefficients 
{kj) of WT (O), K61R (•), K279R (V). K352R(T), K404R(n) and 
K61F/D65E (•) GAs measured in pH 4.5 buffer. 
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unfolding (aG^) at 65°C and 75°C of WT and mutant GAs, calculated according to 
transition-state theory. The enthalpies of K279R and K352R mutant GAs increased over that 
of WT GA by 14 kJ/mol and 27 kJ/mol respectively, with values similar to that of free 
energy of formation of a hydrogen bond (12-30 kJ/mol). This suggested that there were at 
least one or two additional hydrogen bonds formed in the mutant enzymes. Enthalpy of K61R 
and K404R decreased by 8-10 kJ/mol, implying that there were no net additional hydrogen 
bonds formed in these mutant GAs. We also found that K352R and K279R mutant GAs had 
increased entropy while entropies of the K61R and K404R mutant GAs decreased. BG52R 
mutant GA had a slightly higher aG^ than WT GA at 650C but not at 75°C. while aG^ of 
K61R mutant GA was lower at both temperatures and those of K279R and K404R were not 
greatly different. For mutation K61F/D65E, the entropy is decreased greatly with decreased 
enthalpy in the meanwhile, thus the net effect is decreased free energy of unfolding. 
DISCUSSION 
We studied the relationship among the folding, thermostability and catalytic activity 
of GA by replacing lysine at positions 61. 279. 352. and 404 with arginine as well as the 
effect of cavity filling and water displacing mutations on the catalytic activity, 
thermostability and folding of GA. The results showed that substimtion at these positions 
have different effects on irreversible thermoinactivation and catalytic activity. 
Computer modeling indicated that it was possible for mutant K61R to keep the 
hydrogen bond between the side chain of Lys61 and Asp65 as well as introduce more 
hydrogen bonds with water molecules. Lys61 is located in a packing void in GA that has no 
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known function (Aleshin et al.. 1994). Replacing Lys with Arg should introduce more 
hydrophobic interaction in this void and thus stabilize the nearby region. However, the 
mutation K61R destabilizes GA very significantly, presumably due to introduction of an 
unfavorable electronic repulsive force with the Arg 194 side chain and /or a steric effect with 
the Val64 (Figure lb). 
In WT GA. the Lys279 side chain hydrogen bonds with the 0D2 of Asp2S3 and has a 
water-bridged H-bond with the 0D2 of Asp297. According to our computer modeling, when 
Lys279 is replaced with Arg, the longer Arg side chain has many options to hydrogen bond 
with other groups, such as the 0D2 of Asp283 and Asp 297 or hydrogen bond with the 0D2 
of Asp 297 and the backbone O of Phe350 (Figure Ic). This is consistent with the increase of 
enthalpy. There also could be some unfavorable steric interactions introduced by this 
mutation. K279R thus causes no significant change in thermostability. However, mutation 
K279R causes a 35% decrease in specific activity at 50°C. This may be explained by an 
additional direct hydrogen bond between Arg279 and Asp297. Asp297 is located only three 
amino acid residues ft'om the GA conserved segment S4. which is very important in the 
interaction with substrate (Coutinho and Reilly , 1994a). The additional hydrogen bond 
between Arg279 and Asp297 introduced by mutation BC279R may change the position of 
segment S4 and thus affect the specific activity. 
The mutation K352R resulted in a slight decrease in the irreversible 
thermoinactivation and no change in catalytic activity. The crystal structure of A. awamori 
var. XI00 GA, which is highly related to the GA studied here, revealed that the side chain Ne 
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of Lys352 hydrogen-bonds with the backbone O of Ala358 and via a water-bridged hydrogen 
bond with the side chain O of Ser 356 (Figure Id). When Lys352 was mutated to arginine. it 
appears that the Ne of Lys352 kept its hydrogen bond with the backbone O of Ala358. and 
hydrogen bond with the side-chain O of Ser356 while adding hydrogen bonds with more 
water molecules. Such additional hydrogen bonds may keep GA from unfolding and explain 
the slightly increased stability of K352R. This slight change of stability, however, is not as 
large as reponed previously (Chen et al., 1996). This may be related to the location of 
mutation K352R and its hydrogen-bond parmers Ser356 and Ala358 in helix 11 or to its 
vicinity, which is outside of the six pairs of a-helices in the a/a barrel of GA (Aleshin ei ai. 
1992). The isolation of helix 11 from the barrel structure suggests that the folding of this 
helix could be relatively independent of the rest of GA, thus stabilizing this helix may not 
contribute greatly to the stability of the whole enzyme. A DSC study of GA purified from A. 
niger (which has the identical aa sequence as that from A. awamori, but may have different 
glycosylation pattern from the GA in this study), indicated that the unfolding DSC trace of 
GA could be resolved into five components, one corresponding to the starch-binding domain, 
which is reversible, and four to the linker domain and the catalytic domain (Tanaka et al.. 
1995). We have a preliminary DSC experiment which shows that the DSC trace of WT and 
K352R mutant GA could be resolved into four transitions and five states (Li et al., 
unpublished data). Our data fits the data of Tanaka et al (1995) very well except that we 
decomposed the trace into four transitions instead of five. It is very interesting that all the 
transitions of WT and K352R mutant are identical except for transition 1. There is a 1.5°C 
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difference between tlie WT ixa (the temperature at wliich 50% of the enzyme is unfolded) 
value and that of K352R GA. This suggests that mutation K352R has changed one of the 
transitions. It is interesting that mutation K352R is located in a-helix 11 within the catalytic 
domain. From this we can deduce that the unfolding of a-helix 11 corresponds to an 
individual transition, which suggests that it folds and unfolds relatively independent of the 
rest of the enzyme. The DSC rescan data of GA shows that the refolding of GA is partial. 
Resolution of the DSC rescan trace shows that transition 2 is partially reversible. It has been 
shovm by Williamson ei al. (1992) that only the starch-binding domain undergoes reversible 
unfolding. Thus our data suggests that transition 2 corresponds to the unfolding of the starch-
binding domain. This clarifies the whole process of the folding/unfolding of GA.: it involves 
folding/unfolding of four relatively independent parts, I) the starch-binding domain. 2) the a-
helix 11 and residues in its vicinity and 3) the rest of the catalytic domain. This is consistent 
with a simulated GA folding mode generated by computer modeling (Coutinho, personal 
communication). 
Mutation K404R destabilized GA very slightly and increased the catalytic activity by 
increasing the k^at^m ratio. In WT GA. the side chain Ne of Lys404 hydrogen bonds with 
three water molecules and the backbone N hydrogen-bonds with the side-chain of Asn315. 
which is involved in substrate binding (Figure le). The mutation could change the flexibility 
of the backbone and thus change the position of Asn315. explaining the increase of 
Alternatively, the position of the GA conserved segment S5, where Lys404 is located, may 
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be changed by this mutation leading to the change of catalytic activity. However, the change 
of backbone flexibility would be too small to cause significant stability change. 
The cavity-filling mutation K61F/D65E has similar activity to WT but with decreased 
thermostability. The change of thermodynamic parameters of this mutation is consistent with 
the fact that the displacing of water and increasing of hydrophobic interactions leads to 
decreased entropy. The decrease of enthalpy of the mutant indicated either that the interaction 
of residue 61 side chain with the solvent is essential for stability or the proposed new ion pair 
between residue 65 and Arg428 did not form. Mutation H254W/E326Q had problems with 
folding as well as decreased activity, indicating that the ion pair between His254 and Glu326 
as well as the surroundmg water molecules are essential for the folding of GA. The folding 
problem of this mutant affected its catalytic activity and thermostability. Residue His254 is at 
the C-terminal of a-helix 8 (Aleshin et al.. 1992) (Figure la) so that mutation 
H254W/E326Q may also eliminate the electrostatic interaction between the positively 
charged side chain of His254 and the negative helix dipole. and thus affect the stability of 
helix 8. 
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ABSTRACT 
To improve the stability of Aspergillus awamori glucoamylase, five residues (Ala27. 
Ala393, Ala435, Ser436 and Ser460) were replaced with proline. Specific activity was 
unaffected except in one of the mutants, S460P (Ser460->Pro), which had decreased specific 
activity. The mutants had different effects on irreversible glucoamylase thermoinactivation at 
pH 4.5. Mutant S436P increased thermostability with an increased firee energy of 0.5 kJ/mol 
and 1.0 kJ/mol at 65°C and 750C. respectively. Mutants A27P (Ala27->Pro), A393P 
(Ala393->Pro) and S460P (Ser460->Pro), however, decreased thermostability while mutant 
A435P did not affect thermostability. To demonstrate their effects on chemical denaturation. 
circular dichroism spectral data were collected and analyzed with guanidine hydrochloride 
(Gdn-HCl) as denaturant at different concentrations at pH 4.5 and 250C. Mutants A27P. 
A393P and S460P were more susceptible to chemical unfolding caused by Gdn-HCl than 
wild-type glucoamylase. These mutants had reduced [Gdn-HCl] soo/„ levels of 0.50-0.75 M 
(the concentration of Gdn-HCl at which the folding firaction is 50%), and reduced estimated 
chemical unfolding firee energies. Mutants A435P and S436P were more resistant than wild-
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type glucoamylase to chemical Gdn-HCI unfolding with increased [Gdn-HCl] 500/, levels of 
0.47 M and 0.91 M, respectively, and increased estimated chemical unfolding free energies of 
2.70 kJ/mol and 5.03 kJ/mol, respectively. The rationale of these mutations and 
interpretations of their effects are discussed. 
Key words: glucoamylase/proline/thermostability/guanidine hydrochloride/chemical 
unfolding 
INTRODUCTION 
Glucoamylase (1,4-a-D-glucan glucohydrolase, EC 3.2.1.3, GA) isolated from fungi, 
yeast and bacteria are a family of enzymes that catalyze the cleavage of a-(l,4) glycosidic 
bonds in starch and related oligosaccharides with the release of P-glucose from the non-
reducing end of the substrate. 
Glucoamylases from Aspergillus awamori and Aspergillus niger have identical amino 
acid sequences (Svensson et al., 1983; Nimberg et ai, 1984) and are extensively used in the 
food industry to produce high-glucose syrup and ethanol. However, irreversible 
thermoinactivation of GA prevents its use at temperatures above 60°C. 
The cunently accepted concept for irreversible thermoinactivation (Ahem and 
Klibanov, 1988, 1985) proposes that protein thermoinactivation can be caused by: 1) 
aggregation; 2) reduction and reoxidation of disulfide bonds to give rise to mismatched 
disulfide bond linkages; 3) conversion of asparagine into aspartic acid residues followed by 
hydrolysis of peptide bonds to release a series of disrupted polypeptides; and 4) formation of 
"scrambled" protein structures that are thermodynamically stable but inactive. In the GA 
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thermoinactivation process, aggregation is not rate-determining but is a subsequent event, 
and disulfide bond mismatching is not found at the operating pH range (pH 4.5) (Munch and 
Tritsch. 1990). To improve GA thermostability, site-directed mutagenesis has previously 
been used to eliminate sites of deamidation and peptide hydrolysis (Chen et al., 1994 a,b). 
The corresponding mutations Asnl82^Ala and Asp257^Glu had reduced irreversible 
thermoinactivation rates at pH 4.5 below 70OC, so it is thus likely that above 70°C. 
thermoinactivation is predominantly caused by "scrambled" structures rather than by 
deamidation and peptide hydrolysis. In addition, mutations Glyl37->Ala. Glyl39->Ala and 
Glyl37/139->Ala/Ala, made to replace helix flexibility, showed increased thermostability 
up to 750c (Chen et al., 1996) apparently by retarding the formation of "scrambled" 
structures. 
Proline residues restrict backbone bond rotation because of their pyrolidine rings. 
Therefore, proline is believed to decrease the entropy during protein unfolding by reducing 
the numbers of unfolded conformations that can be sampled by the protein (Matthews et al., 
1987). For instance, in an attempt to stabilize T4 lysozyme, Ala82 was replaced by proline 
and the resulting mutant inhibited both irreversible and chemical thermoinactivation 
(Matthews et al., 1987). By comparing the amino acid residue components of Bacillus oligo-
1,6-glucosidase and other enzymes with different thermostability, Suzuki proposed that in 
general, increased numbers of proline residues correlate with increased thermostability of 
proteins (Suzuki etal., 1989, 1991). 
In the present study, site-directed mutagenesis was carried out on A. awamori GA to 
replace five residues individually with Pro to study the effect on irreversible 
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thermoinactivation and chemical unfolding by the denaturant guanidine hydrochloride 
(Gdn-HCl). The criteria used for the successful replacement of amino acid residues by 
prolines were: (a) -80O< (j)< -60°, where (j> is the rotation around the Ca-N bond (Balaji et al. 
1989) and (b) location in turns or random coils, which are the favored locations of proline 
(Nicholson et al., 1992; Ueda et al., 1993). The mutations made were A27P (Ala27->Pro). 
A393P (Ala393->Pro), A435P (Ala435->Pro), S436P (Ser436^Pro) and S460P 
(Ser460—>Pro). The positions of these residues in OA and residues in their vicinity are shown 
in Figure 1. Ala27, which is in a turn and at the second position of the GA conserved 
fragment SI (Coutinho and Reilly, 1994 a,b). This position is very variable in the GA family 
so it is very interesting to explore the effect of replacing it with proline. Ala393 is at a 
random coil that is quite near the GA conserved fragment S5 containing the catalytic base 
Glu400 (Harris et al., 1993; Coutinho and Reilly. 1994a). The stabilization of that random 
coil may be able to stabilize the catalytic site, which is assumed to be thermosensitive. 
Pro435 is located in a packing void in A. awamori var. XI00 GA the fimction of which is 
unknown (Aleshin et al.. 1994). which has substimtion of Ala in the GA studied here. 
Ser436, which is adjacent to Ala435. is located in a random coil together with Ala435 and 
also located in the void. It is of interest to analyze the effect of substituting them with proline. 
Ser460, located in a belt surrounding the GA a/a barrel, is a site of 0-glycosylation. We 
propose to mutate it into proline to check die net effect on thermostability of rigidifying this 
region by introducing a proline residue and at the same time losing the 0-glycosylation. The 
rationale for these mutations, their effects on the stability of GA and the structural features of 
N-toni N-loin 
Figure 1. (a) Three-dimensional view of the catalytic domain of A. awamori var. XI00 GA (Aleshin et al., 1992), indicating the 
locations of residues Ala27, Ala393, Ala435, Ser436 and Ser460.The figure was generated using the program 
MOLSCRIPT (Kraulis, 1991). 
Figure 1 (cont'd), (b) Three-dimensional view of the surrounding environment of residue Ala27 in A. awamori var. XIOO GA 
(Aleshin et al, 1992). Residues closer than SA to Ala27 are displayed. Black balls signify water 
molecules.The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
Ser.3M * Set,394 
Figure 1 (cont'd), (c) Three-dimensional view of the surrounding environment of residue Ala393 in A. cmamori var. XI00 GA 
(Aleshin el ai, 1992). Residues closer than SA to Ala393 are displayed. Black balls signify water 
molecules.The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
) Arg_194 
[tp_437 Arg_l94 
Figure 1 (cont'd), (d) Three-dimensional view of the surrounding environment of residues Ala435 and Ser436 in / I .  awamor i  var. 
XlOO OA (Aleshin et al., 1992). Residues closer than sA to Ala435 and Ser436 are displayed. Black balls 
signify water molecules. The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
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Figure 1 (cont'd), (e) Three-dimensional view of the surrounding environment of residue Ser460 in A. awamori var. XJOO GA 
(Aleshin et al., 1992). Residues closer than 5A to Ser460 are displayed. Black balls signify water 
molecules.The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
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these residues will be discussed. This is the first attempt to make X->Pro mutations in GA. 
MATERIALS AND METHODS 
Expression Vector, Strain, and Reagents 
YEpPMlS, a yeast expression vector carrying the wild-type GA cDNA and the 
Saccharomyces cerevisiae straia C468 (a leu2-3 Ieu2-112 his3-Il his3-15 mal-) (Innis et al.. 
1985) were generous gifts from Cetus Corporation. All restriction enzymes were purchased 
from Promega. Guanidine hydrochloride was obtained from Sigma. Acarbose was a gift from 
Miles Laboratories. 
Site-directed Mutagenesis 
TM 
An in vitro phagemid mutagenesis kit, Muta-Gene from Bio-Rad, was used to 
perform site-directed mutagenesis (Kunkel et al.. 1987) on an Xhol-BamUl fragment of the 
wild-type GA cDNA inserted into phagemid vector pGEM7Zf(+) (purchased from Promega). 
Oligonucleotides for mutagenesis were synthesized at the ISU Nucleic Acid Facility: 5'-ATC 
GGG G CG GAC GGT £CT TGG GTG TCG GGC GCG-3' (A27P, GCT^CCT), 5'-GTG 
GAA ACT CAC GCC £CA AGC AAC GGC TCC ATG-3' (A393P. GCA-^CCA). 5'-AAC 
TCC GTC GTG CCT £CT TCT TGG GGC GAG-3' (A435P, GCT-^CCT), 5'-AAC TCC 
GTC GTG CCT_CCT TCT TGG GGC GAG ACC TCT-3' (S436P. TCT->CCT) and 5'-GCC 
ATT GGT ACC TAC AGC ££T GTC ACT GTC ACC TCG TGG-3' ( S460P. AGT->CCT), 
the underlined letters indicating the nucleotide mutations. Finally, the mutations were 
confirmed by DNA sequencing. 
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Expression and Purification of GA 
The mutated GA cDNAs were subcloned into the yeast expression vector YEpPMlS 
and transformed into Saccharomyces cerevisiae strain C468 to express GA as described 
previously (Chen et al., 1994b). Wild-type, A27P, A393P, A435P. S436P and S460P GA 
were produced in 5-1 batches in a 10-1 working volume fermentor at pH 4.5 and SQOC or in a 
shake flask at 30OC at 170 rpm without pH control. Cultures were grown for 5 days and then 
culture supematants were concentrated, dialyzed against 0.5M NaCl/O.lM NaOAC buffer 
(pH 4.5) and applied to acarbose-Sepharose afiBnity chromatography to purify GA (Chen et 
al., 1994b). 
Protein Concentration Determinations and GA Activity Assay 
The Pierce bicinchoninic acid protein assay (BCA) was used to determine the 
concentration of protein with bovine serum albumin as standard. For enzyme kinetics studies, 
maltose was used as substrate with concentrations ranging firom 0.2 K„ to 4 at 350C and 
pH 4.5 as described previously (Chen el aL, 1994b). Kinetics parameters were analyzed by 
the program ENZFITTER. In residual enzyme activity assays, the conditions were the same 
as in the enzyme kinetics studies except that only one concentration of maltose (4%) was 
used as substrate. In specific activity assays. 4% maltose was used as substrate at 50OC and 
pH 4.5. One unit (lU) was defined as the amount of enzyme required to produce 1 [imol 
glucose per minute under the condition of the assay. 
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Irreversible Thermoinactivation 
Purified wild-type or mutant GA proteins were incubated at five different 
temperatures from 650C to 75°C at 2.50C intervals at 40 |ig/ml in 0.05 M NaOAC buffer 
(pH 4.5). At six different time points, aliquots of the incubating enzyme were removed, 
quickly chilled on ice, stored at 4^0 for 24 h. and subjected to residual activity assay. The 
irreversible thermoinactivation of GA obeyed first-order kinetics (Chen et al.. 1994b). 
Thermoinactivation rate coefficients, kj were determined as described previously (Chen et 
al.. 1994b). 
GA Denaturation by Guanidine Hydrochloride and Monitored by Circular Dichroism 
Spectra 
GA was denatured in 0.05M NaOAC buffer (pH 4.5) containing various 
concentrations of guanidine hydrochloride (Gdn-HCl) from 0-6.0 M at a GA concentration of 
200 |ig/ml for 48 h at SO^C, followed by 2 h at 25'^C to achieve equilibrium (Williamson et 
al.. 1992). The fraction of the folded state remaining was monitored by measuring the change 
of ellipticity with circular dichroism at 220 nm with a Jasco J720 spectropolarimeter at 25'^C. 
The Gdn-HCl denaturation curves were obtained by assuming that the folding/ 
unfolding transition is two-state (Zhou et al.. 1992; Williamson et al., 1992). The folded 
fraction (/^) was determined from ellipticity at 220 nm asX =([0]-/[0 J)/([6]n -[0]u)> where [0] 
is the observed ellipticity at a certain Gdn-HCl concentration and [0]n and [0]u are the 
ellipticities of the native and unfolded states, respectively. The values of [Gdn-HClJsQo/, are 
the concentrations of Gdn-HCl at which 50% of GA is unfolded. The equilibrium constants 
ATu of the folding/unfolding states were determined by ATy = (1 )//,. AGu , the free energy 
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of unfolding at individual Gdn-HCl concentrations was calculated as AGu = -RTln ATu. where 
R is Avogadro's number and T is the temperature of denaturation in K. AGh2o • the free 
energy of unfolding in the absence of Gdn-HCl was estimated by linear extrapolation of AGu 
= -RT hi Ku to zero Gdn-HCl concentration (Pace, 1986) to obtaui the equation AGu ~ 
AGh2o - /"[Gdn.HCl], where [Gdn-HCl] is the individual Gdn-HCl concentration and m is the 
slope. However, AAGu calculations using this method are not precise because of error due to 
AA Gh2o estimation resulting from the long extrapolation of Gdn-HCl to zero using 
measurements covering a narrow range (Kellis et al., 1988, 1989). Therefore, an alternative 
method was used to calculate AAGu (Kellis et al., 1989): AAGu = 0.5 (m wim-type -mutant) 
A[Gdn-HCl]5oo/,, where m is the slope and A[Gdn-HCl] 5oo/„ is the difference between wild-
type [Gdn-HCljsJji for wild-type and mutant GA. 
Three-dimensional Views of Mutated Residues 
The stereoscopic views of the mutated residues in A. awamori var. XI00 GA (Aleshin 
et al., 1992) {3gly in the Brookhaven Protein Data Bank) were prepared with program 
MOLSCRIPT (Kraulis, 1991) installed in a DEC 3100 workstation. 
RESULTS 
GA Specific Activity and Enzyme Kinetics 
The specific activity at SO^C and pH 4.5 of purified mutant GAs are close to that of 
wild-type GA except that S460P had about 50% decreased specific activity (Table 1). 
The enzyme kinetic parameters of mutated and wild-type GAs at 350C and pH 4.5 
were not significantly different (Table I). 
56 
Table I. Catalytic properties of wild type and mutant OAs produced by shaking flasks. 
GAform Specific Activity ko. 
(lU/mgGA) (mM) (s'") (s"'mM"') 
WT 20.6±0.2'' 0.72±0.03 8.67±0.17 12.0 
A27P 16.9±1.0 l.06±0.13 11.47±0.80 10.9 
A393P 24.9±0.5 0.90±0.05 10.78±0.35 12.0 
A435P 17.6±0.2 0.75±0.05 9.34±0.29 12.4 
S436P 15.9±1.0 0.85±0.07 9.8I±0.36 11.6 
S460P 9.7±0.4 0.53±0.n 5.24±0.43 9.8 
standard error 
GA Thermostability 
Figure 2 shows the effect of temperature on the kj values of wild-type and mutant 
GAs. Mutant proteins A27P, A393P and S460P showed very similar thermostabilities at pH 
4.5, all of which were lower than that of wild-type GA. A435P was about equally stable as 
wild-type GA throughout the measured temperature range. Mutant S436P is more stable from 
65°C-75°C. 
To estimate the free energy change of v^ld-type and mutant GAs at pH 4.5, the 
activation enthalpies (AH^) and entropies (AS*) calculated from the data in Figure 2 by 
transition-state theory are shown in Table II. 
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Table II. Activation parameters for irreversible thermoinactivation of wild-type (WT) and 
mutant GAs at pH 4.5 produced by shaking flask 
GA form AH« AS' AG' (650C) AG' (75^0 
(kJ/mol) (J/tnol-K) (kJ/mol) (kJ/mol) 
WT 366= la 769= 4 105.7 98.0 
A27P 355± 5 742±14 1042 96.8 
A393P 321= 8 645=23 103.4 97.0 
A435P 368±12 777=34 105.5 97.8 
S436P 351± 8 723=24 1062 99.0 
S460P 359±ll 753=33 104.3 96.8 
" standard error 
Mutants A393P and S436P showed decreased entropy and enthalpy compared with 
wild-type GA while mutants A27P. A435P and S460P showed entropy and enthalpy values 
that overlapped that of wild-type GA. Free energies values (AG^) at 65°C and were 
derived from AS^ and AH* according to the following formula: AG' = AH* -T AS* and are 
shown in Table II. Mutants A27P. A393P and S460P had smaller AG* values than wild-type 
GA at either 650C or 75°C. suggesting that they are less thermostable than wild-type GA. 
A435P GA had identical AG* values as wild-type, indicating that this mutation produced no 
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Figure 2. Effect of temperature on first-order thermoinactivation rate coefficients 
(y of WP (O), A27P (•), A393P (V), A435P (T), S436P (•) and 
S460P (•) GAs measured in pH 4.5 buffer. 
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significant change in thermostability. Mutant S436P, showed an increase in free energy of 0.5 
kJ/moI and 1 kJ/mol at 65°C and 75^C, respectively. 
GA Denaturation with Gdn-HCl 
Figure 3 and Table III show that A435P and S436P mutant GAs have higher values of 
[Gdn-HCl]5o«/,, where GA is half unfolded, than wild-type GA does, which indicates that they 
are more resistant to the unfolding caused by Gdn-HCl and thus more stable in the chemical 
unfolding process. Further, free energies estimated as described in earlier and shown in Table 
III and Figure 4 also suggest that within the range of measurement. A435P and S436P GAs 
both have higher values of AGu and are thus more stable than wild-type GA during Gdn-HCl 
chemical denaturation. On the other hand, mutants A27P, A393P and S460P have lower 
values of [Gdn-HCl]5oo/„ and AGu thus have lower stability during chemical denaturation 
(Figures 3 and 4 and Table III). 
DISCUSSION 
We have chosen five residues in GA from A. awamori to be replaced by proline to 
investigate the effect on thermostability and catalytic activity. We use the solved crystal 
structure of GA from A. awamori var. XI00 (Aleshin et al.. 1992), which has 95% sequence 
homology with the GA we smdied as the structure reference. 
GA Enzyme Kinetics and Specific Activity 
All the mutations have approximately the same enzyme kinetic parameter values as 
wild-type GA. This suggests that at the low temperatures (35^C), at which activity is assayed 
the enzyme can endure the decreased flexibility together with the increased steric effect 
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Table HI. Parameters for chemical denaturation of wild-type (WT) and mutant GAs with 
Gdn-HCl as denaturant 
GA form [Gdn.HCl]5o./, 
(M) 
A[Gdn.HCl)5o«^ 
(M) 
AGu 
(kJ/mol) 
AGH20 
(kJ/mol) 
^Gh20 
GcJ/mol) 
WT 3.58 - - 28.32 -
A27P 3.07 -0.51 -3.51 17.63 -10.69 
A393P 3.00 -0.58 -4.38 21.97 -7.35 
A435P 4.05 +0.47 +2.70 14.40 -13.92 
S436P 4.49 +0.91 +5.03 14.33 -13.99 
S460P 2.83 -0.75 -5.18 16.50 -11.82 
caused by the replacement of the side groups of Ala and Ser with a pyrrolidine ring of Pro. 
Therefore, these small changes do not affect the GA global conformation. 
All the mutations except S460P have almost the same specific activity as wild-type 
GA. This shows that at the moderate temperature of the enzyme assay (50°C), the catalytic 
conformation required for activity was still maintained. This is consistent with the 
observation that from 250C to 50^C, the helical content of A. niger/awamori GA is relatively 
constant according to spectroscopic studies (Urbanova et al., 1993). 
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Figure 3. Gdn.HCI denaturation curve of wild-type and mutant GAs measured in pH 4.5 
buffer. Wild-type (O), A27P (•), A393P (V), A435P (T), S436P (•) and 
S460P(•) 
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Figure 4. Effect of Gdn.HCl concentration on the unfolding free energy of wild-
type (O), A27P (•), A393P (V), A435P (•), S436P (•) and 
S460P (•) glucoamylases measured in pH 4.5 buffer. 
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Mutant S460P has decreased specific activity by 50% at 50°C whereas at 35°C it has the 
same enzyme kinetic properties as wild-type GA, which indicates that even at SO^C, S460P 
could not maintain the correct conformation for catalysis. One possible reason for S460P 
losing activity at 50°C may be the elimination of 0-glycosylation at Ser460 and the 
disruption of the hydrogen bond between the side chain O of Ser460 and the backbone N of 
Val461 caused by the Ser460 ->Pro mutation. 
GA Thermostability Monitored by the Course of Irreversible Thermoinactivation 
Ala27 is located in a P-tum and is partially buried (Coutinho and Reilly, 1994b). 
Mutant A27P thus could introduce some unfavorable contacts between the pyrrolidine ring 
and neighboring groups such as the N of Ser30 and Val29, thus resulting in decreased 
thermostability. Although the residue preceding Ala27 is Gly26, which forms the favorable 
sequence Gly-Pro, the (j) and cp angles do not fit the criteria for the residues preceding proline 
residues (Nicholson et al., 1992). 
Ala393 is located in a random coil according to an^^. awamori GA DSSP secondary 
structure determination (Coutinho and Reilly. 1994b). However, according to the crystal 
structure oi A. awamori var. XI00 GA. Ala393 is within a two-stranded, antiparalell P-sheet 
involving residues 392-393 and 396-397 (Aleshin et al., 1992). The decreased 
thermostability of A393P could be explained by destruction of the hydrogen bond between 
the N of Pro393 and the O of Gly396. which is quite near the GA conserved fragment S5 
containing the catalytic base Glu400. The enthalpy decrease of A393P supports this 
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assumption. Thus our result suggested that in^. awamori GA. residues 392-393 are located 
in a P-sheet rather than a random coil. 
Mutant A435P showed no effect on irreversible thermoinactivation. though according 
to the HCA alignment of the GA family (Coutinho and Reilly. 1994b). there is a proline 
residue at this position in GA from A. awamori var. XI00 and this residue is located in a 
random coil. In a study designed to stabilize lysozyme by introducing proline residues, the 
formation of a Gly-Pro sequence was found to be effective in avoiding possible strain in the 
folded state of a protein whereas other X-Pro sequences could introduce possible strain (Ueda 
et al.. 1993). In GA, there is a proline at amino acid position 434. Therefore, mutant A435P 
forms a Pro-Pro sequence, which could cause much unfavorable strain in the folded state. 
This may explain why mutant A435P has no net effect on thermostability of GA due to the 
assumed strain between Pro434 and Pro435. 
Interestingly, mutation S436P. which is just one residue after position 435 and also 
belongs to the random coil and is partially buried, increases thermostability by decreasing the 
entropy of unfolding states as expected. The HCA alignment (Coutinho and Reilly, 1994b) 
shows that there is a proline residue at this position in GA from A. oryzae, which implies a 
potential tolerance for Pro at this position. Located in a packing void, mutant S436P may also 
occupy more space and enhance hydrophobic interactions in that void, thus stabilizing GA 
Mutant S436P may in addition destroy the hydrogen bonds between the side chain atom 0 of 
Ser436 and ODl of Asp237 (Aleshin el al.. 1992); however, the total effect of this mutation 
on thermoinactivation shows that the rigidity of backbone, space-filling and more 
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hydrophobic interactions introduced by proline replacement can overcome the negative effect 
of the broken hydrogen bond. This is consistent with both the enthalpy and entropy decrease 
of mutation S436P. 
Mutant S460P has decreased thermostability, presumably caused by the elimination 
of 0-glycosylation at Ser460 and the disruption of the hydrogen bond between the side chain 
0 of Ser460 and the backbone N of Val461. This may also explain loss of specific activity at 
50OC. 
GA Denaturation with Gdii*HCl 
As mentioned earlier, an altemative method was used to calculate a more reliable AGu 
(Kellis et al., 1989). We found it was consistent with the value of [Gdn-HCl]5oo/„ .which is 
usually an indicator of stability against chemical denaturation. A mutant GA with a higher 
value of [Gdn*HCl]5o«/o also has a higher value of AGu v/ce versa. 
In the process of GA denaturation with Gdn-HCl, the enzyme undergoes a chemical 
conformational change, whereas in thermoinactivation, the enzyme undergoes both an 
irreversible covalent change and a chemical conformational change. Therefore, the effect of 
mutations on denaturation may be different from the effect on irreversible thermoinactivation 
due to the different mechanisms involved. This could explain why the mutant A435P showed 
no change in thermoinactivation, yet was more stable than wild-type to Gdn-HCl 
denaturation. Mutant S436P showed increased stability against Gdn-HCl, which is consistent 
with its effect on thermoinactivation. Mutations A27P, A393P and S436P showed both 
decreased stability against denaturation and against thermoinactivation. This implies that the 
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Stability against denatnrant may not be correlated with the stability against elevated 
temperatures. 
In summary, we have successfully constructed more stable forms of A. awamori GA 
in S. cerevisiae by introducing X->Pro replacements. Substimtion of Ser436 with Pro 
increased thermostability . This promising result suggests that in some cases, decreasing the 
entropy of the unfolded state of GA can improve stability of the enzyme. Mutation S436P is a 
candidate to be combined with other thermostable mutations of GA (Chen et ai. 1996) to test 
the additive effect on thermostability and hopefully to obtain an even more stable combined 
form. Both mutations A435P and S436P are more stable against the denaturant Gdn-HCl 
than wild-type GA and would be of interest for further testing stability against calcium. 
which causes denaturation of GA during starch liquidification. 
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ABSTRACT 
Two additional disulfide bonds and combined thermostable mutations were 
introduced into Aspergillus awamori glucoamylase respectively to test the effects on 
thermostability and catalytic properties. Computer modeling suggested that a disulfide bond 
could be built into Aspergillus awamori glucoamylase between positions 20 (wild-type, Asn) 
and 27 (Ala) as well as positions 72 (Thr) and 471 (Ala) respectively. Amino acid sequence 
alignments among related glucoamylases showed that a disulfide bond exists in Neurospora 
crassa glucoamylase at positions 20 and 27. Single cysteines were introduced into positions 
20 and 27, and 72 and 471. The corresponding double cysteine mutants were constructed and 
expressed in Saccharomyces cerevisiac. The double-cysteine mutants were secreted 
efficiently and disulfide bonds were formed spontaneously after fermentation. The disulfide 
bond between positions 20 and 27 connects the C-terminal of helix 1 (Asn 20) and a P-tum 
where residue Ala27 is located while the double mutant A471C/T72C facilitates a disulfide 
bond between the N-terminus of helix 3 and the end of the 30-residue highly O-glycosylated 
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belt, which wraps around the catalytic domain. At 50°C, the single mutants A27C and N20C 
had decreased specific activity, whereas the specific activity of the double mutant 
A27C/N20C was similar to wild-type and A471C/T72C had increased specific activity over 
wild-type glucoamylase. Double mutants A27C/N20C and A471C/T72C increased the 
optimal temperature of catalysis by ~ 1.5^C over wild-type glucoamylase. The mutations had 
different effects on irreversible glucoamylase thermoinactivation according to kinetic studies. 
The double mutant A27C/N20C increased thermostability with an increased free-energy of 
1.5 kJ/mol at 650C, while single mutation A27C slightly increased thermostability and N20C 
decreased thermostability by decreasing free-energy by 3.0 kJ/moI at 65^C. The double 
mutant A471C/T72C did not affect thermostability at pH 4.5. The disulfide bond mutant 
A27C/N20C was combined with two other mutants which have previously been shown to 
increase thermostability, G137A (Chen et aL, Protein Eng., 19,449-505,1996) and S436P 
(Li et al.. unpublished data). The following combinations were constructed: G137A/S436P, 
A27C/N20C/G137A and A27C/N20C/S436P. and thermostability of two of the combined 
mutation, G137A/S436P and A27C/N20C/G137A were shown to be additive. Mutation 
A27C/N20C/G137A increased the the optimal temperature by 2.0 °C. 
Key words: glucoamylase/disulfide bond/thermostability/temperature 
optima/combined mnXzXxou/Aspergillus awamori 
INTRODUCTION 
Glucoamylases (1,4-a-D-glucan glucohydrolase, EC 3.2.1.3, GA) are a family of 
enzyme produced by fungi, yeast and bacteria, which catalyze the cleavage of a-(l,4) 
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glycosidic bonds in starch and related oligosaccharides with the release of p-glucose from the 
substrate. 
Glucoamylase from Aspergillus awamori has the same amino acid sequence as 
Aspergillus niger, and is extensively used in the food industry for hydrolyzing starch to 
produce high-glucose syrup and ethanol. A thermostable form of GA is desirable since the 
elevated operating temperature will eliminate the chance of microorganism contamination as 
well as drive the reaction at a higher rate. 
The process of GA thermoinactivation is thought to be dominated by formation of 
enzymes with incorrect conformation (Munch and Tritsch. 1990). Previous work supported 
this hypothesis. Site-directed mutagenesis has been used to eliminate sites of deamidation 
and peptide hydrolysis (Chen et al., 1994 a.b). The corresponding mutations Asnl82—>Ala 
and Asp257->Glu had reduced irreversible thermoinactivation rates at pH 4.5 below TO^C 
but increased rates above 70OC. Thus GA thermoinactivation is predominantly caused by 
"scrambled" structures rather than by deamidation and peptide hydrolysis. Furthermore, 
mutations Glyl37—>Ala, Glyl39—>Ala and Glyl37/139—>Ala/Ala, made to reduce helix 
flexibility, showed increased thermostability up to 75°C (Chen et al., 1996) apparently by 
slowing down the formation of incorrect structures. 
To improve protein thermostability by preventing formation of incorrect structures, 
several strategies have been proposed, which can be classified into two groups: 1) 
Improvement of weak interactions within protein such as: hydrogen bonding (Stickle et al., 
1992), hydrophobic interactions (Privalov and Gill, 1988), salt bridges (Wetzel, 1987) and 
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polar interactions (Nicholson et al.. 1988; Sali et aL, 1988; Serrano and Fersht. 1989). ail of 
which are facilitated by noncovalent forces; and 2) Reduction in the number of possible 
conformations in the protein unfolded state by replacing glycine with other amino acid 
residues and introducing proline residues (Matthews et al., 1987) or introducing covalent 
linkage such as disulfide bonds (Perry and Wetzel. 1984; Wetzel. 1987; Matsimiura et al.. 
1989, Clarke and FershL 1993). 
There are a total of nine cysteine residues in A. awamori GA, and eight of them 
forming disulfide-linked pairs, which are assumed to enhance the folding and stability of GA. 
residues 210 and 213, 262 and 270, 222 and 449 (Aleshin et al., 1992) and 509 and 604 
(Williamson et al., 1992b). In this paper, we attempt to introduce additional disulfide bonds 
into GA to explore the effect on thermostability and catalytic activity. Here we describe two 
engineered disulfide bond mutants designated A27C/N20C and A471C/T72C. The new 
disulfide bond formed by A27C/N20C connects the C-terminus of helix 1 (Asn20) and a turn 
where residue Ala27 is located, while A471C/T72C bridges the N-terminus of helix 3 and the 
end of the 30-residue highly 0-glycosylated belt region together. We show that the disulfide 
bonds are formed spontaneously after fermentation and have different effects on GA 
thermostability and catalytic activity. 
In previous studies we have constructed the thermostable mutants G137A (Chen et 
al., 1996) and S436P (Li et al., 1996), which have the potential to be combined and improve 
thermostability additively. In this study, we have combined these mutations with each other 
and with A27C/N20C to test their effects on thermostability and GA activity. 
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MATERIALS AND METHODS 
Expression Vector, Strain, and Reagents 
YEpPMlS. a yeast expression vector carrying the wild-type GA cDNA. and the 
Saccharomyces cerevisiae host strain, C468 (a leu2-3 Ieu2-112 his3-ll his3-15 mal-) (Innis 
et al., 1985) were generous gifts from Cetus Corporation. All restriction enzymes were 
purchased from Promega. D-maltose and DTNB (5.5'-dithiobis (2-nitrobenzoic acid)) were 
obtained from Sigma. Acarbose was a gift from Miles Laboratories. 
Site-Directed Mutagenesis 
Site-directed mutagenesis was performed on an Xhol-BamHl fragment of the wild-
type GA cDNA subcloned into phagemid vector pGEM7Zf(+) (purchased from Promega) 
using the phagemid mutagenesis kit. Muta-Gene^^ from Bio-Rad. Oligo-nucleotides for 
mutagenesis were synthesized at the Iowa State University Nucleic Acid Facility: 5'-CGT 
ACT GCC ATC CTGIQT AAC ATC GGG GCG GA-3' (N20C, AAT->TGT), 5'-ATC 
GGG GCG GAC GGT IQT TGG GTG TCG GGC GCG-3' (A27C. GCT->TGT). 5'-CGA 
AAT GGA GAT IQC AGT CTC-3' (T72C, ACC^TGC), 5'-G AGT ATC GTG TGT ACT 
GGC GGC ACC-3' (A471C. GCT->TGT), with the underlined letters indicating the 
nucleotide mutations. The mutations were confirmed by DNA sequencing at the ISU Nucleic 
Acid Facility. 
Expression and Purification of GA 
GA genes containing mutations were subcloned into the yeast expression vector 
YEpPMlS and transformed into S. cerevisiae strain C468 for expression as described 
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previously (Chen et al., 1994b). A27C, N20C, A27C/N20C and A471C/T72C GAs were 
produced in 5-1 batches in a lO-I working volume fermentor at pH 4.5 and 30OC, while wild-
type GA was produced in a shake flask at 30°C at 170 rpm v.-thout pH control. Cultures were 
grown for 5 days and then culture supematants were concentrated, dialyzed against 0.5M 
NaCl/O.lM NaOAC buffer (pH 4.5) with a 10-kDa cutoff Amicon SI spiral ultrafiltration 
cartridge and applied to acarbose-Sepharose afiBnity chromatography to purify GA (Chen et 
aL 1994b). 
SDS-PAGE, MALDI Mass Spectra and Thio-titration 
SDS-PAGE was carried out using 0.75 mm thick 10% polyacrylamide gels following 
the method of Garfin (1990). MALDI (Matrix-Assisted Laser Desorption/Ionization) mass 
spectra were used to determine the molecular weight of GAs with a Finnigan Lasermat 2000 
MALDI mass analyzer. 
For thio-titration, GA at 2 mg/ml concentration was denatured by boiling in 
denaturing solution containing 2% SDS, 0.08 M sodium phosphate (pH 8.0) and 0.5 mg/ml 
EDTA (Habeeb, 1972) with or without 50 mM DTT (Pollitt and Zalkin, 1983) for 10 min. 
The denatured GA (reduced or non-reduced) was concentrated using Centricon 30 
concentrators (Amicon, MA, USA) and the reduced GA was applied to Bio-spin 30 
chromatography columns (Bio-Rad, CA, USA) pre-equilibrated with denaturing solution to 
remove DTT. The resulting solution as well as the non-reduced denatured GA sample were 
divided into two portions. One portion was used for a protein concentration assay and the 
other portion was assayed for thio reduction by mixing with 4 mg/ml DTNB in denaturing 
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solution with a 30:1 volume ratio, followed by incubation at room temperature for 15 min. 
-1 -1 
and absorbance measurement at 412 nm with a molar absorptive value of 13.600 M cm 
(Habeeb, 1972). 
Protein Concentration Determinations and GA Activity Assay 
To determine the concentration of protein, the Pierce bicinchoninic acid protein 
assay (BCA) was used with bovine serum albumin as standard (Pierce, Rockford. IL). 
Maltose was used as substrate in enzyme kinetics studies, with concentrations ranging from 
0.2 to 4 K„ at 350C and pH 4.5 as described previously (Chen et al.. 1994b). BCinetics 
parameters were analyzed by the program ENZFITTER. In residual enzyme activity assays, 
the conditions were as the same as in the enzyme kinetics studies except that only one 
concentration of maltose (4%) was used as substrate. Specific activity assays were carried out 
with 4% maltose as substrate at 50°C and pH 4.5. One unit (lU) was defined as the amount of 
enzyme required to produce I [imol glucose per min under the conditions of the assay. To 
compare the temperature optima of catalytic activities of wild-type and mutant GA. activities 
were assayed at pH 4.5 with 4% maltose as substrate at different temperatures. 
Irreversible Thermoinactivation 
Purified wild-type or mutant GA proteins were incubated at five different 
temperatures from 650C to 75°C at 2.5°C inter/als at 40 |ig/ml in 0.05 M NaOAC buffer 
(pH 4.5). At six different time points, aliquots of the incubating enzyme were removed, 
quickly chilled on ice, stored at 4°C for 24 h, and subjected to residual activity assay. The 
irreversible thermoinactivation of GA obeyed first-order kinetics (Chen et al., 1994b). 
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Thermoinactivation rate coefficients, kj were determined as described previously (Chen et 
a/., 1994b). 
Computer Modeling and Three-dimensional View of Mutated Residues 
The candidate residues of A. awamori GA to form disulfide bond were modeled with 
die crystal structure of awamori var. XI00 GA (Aleshin et al.. 1992) {Igly in the 
Brookhaven Protein Data Bank) as reference by the SSBOND program (Hazes and Dijkastra, 
1988) installed in a DEC 3100 workstation. The three-dimensional views of the locations of 
mutated residues were drawn with the MOLSCRIPT program (Kraulis, 1991). 
RESULTS 
Selection of Mutation Site 
Residues Asn20, AIa27 and Thr72, AIa471 were chosen to be replaced with cysteine. 
After the analysis of crystal structure of A. awamori var. XI00 GA (Aleshin et al.. 
1992) by the program SSBOND. 132 pairs of residues were found that could potentially be 
sites for a disulfide bond. Pairs containing glycine were discarded on the assumption that 
glycine may be required for flexibility at that site. Also, the residues involved in hydrogen 
bonds and electrostatic interactions were eliminated. Residues 20 paired with 27 as well as 72 
paired with 471 were chosen as candidates for disulfide bond formation according to the 
geometrical analysis. Amino acid sequence alignment among related GAs showed that there 
is a disulfide bond between position 20 and 27 in Neurospora crassa (Coutinho and Reilly. 
1994b), which suggested that introducing disulfide bond between position 20 and 27 would 
not cause unfavored interactions there in A. awamori GA. Furthermore, the 20/27 disulfide 
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bond would link tiie C-teraiinus of helix 1 and the conserved SI fragment of GA involved in 
substrate binding (Coutinho and Reilly, 1994a) to form a loop, near another loop very critical 
for catalysis containing Trp 120, a residue involved in substrate binding (Sierks et al.. 1989). 
Therefore, the proposed 20/27 disulfide bond was expected to stabilize GA by keeping the 
correct conformation for catalysis and substrate binding. Another interesting candidate for a 
disulfide bond pair was between positions 471 and 72. This disulfide bond would link the N-
terminus of helix 3 and the end of the 30-residue (440-470) highly 0-glycosylated belt region 
to form a loop (Figure la). This disulfide bond also would make an additional linkage 
between the catalytic domain and the 0-glycosylated linker. This 0-glycosylated linker has 
been proved to be important for GA thermostability by limiting the conformational space 
available to the GA unfolded peptide ( Semimaru et al., 1995 and Williamson et al.. 1992a). 
This disulfide bond could have a great effect on the thermostability of GA because of this 
linkage. The side chain OH group of Thr72 in^. awamori var. XI00 GA (Aleshin et al.. 
1992) is hydrogen bonded to the main chain N atom of Asp73. In A. awamori GA, however 
serine is found at residue 73 in place of Asp. It is possible that the hydrogen bond between 
residues 72 and 73 does not exist in A. awamori GA, and therefore replacing Thr72 with Cys 
will not disturb this interaction. This hydrogen bond is apparently not critical for GA since 
Thr72 is replaced by Ala, Lys or Val in other GAs (Coutinho and Reilly, 1994b). 
Engineered Disulfide Bonds Were Formed Spontaneousiy 
After GA purification, the engineered disulfide bonds were found to be formed 
spontaneously by the following two approaches. 
N-loin N'tena 
Figure 1. (a) Three-dimensional view of the catalytic domain of A. awamori var. XI00 GA (Aleshin et al, 1992), indicating the 
locations of residues Ala27, Asn20, Ala471, Thr72, G137 and Ser436 in^^. awamori var. XlOO GA (Aleshin et ah, 
1992). The figvire was generated using the program MOLSCRIPT (Kraulis, 1991). 
Figure 1 (cont'd), (b) Three-dimensional view of the surrounding environment of residues Ala27 and Asn20 in A. awamori var. 
XIOO GA (Aleshin et al., 1992). Residues closer than SA to Ala27 and Asn20 are displayed. Black balls 
signify water molecules. The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
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Figure 1 (cont'd), (c) Three-dimensional view of the surrounding environment of residues Ala471 and Thr72 in A. awamori var. 
XI00 GA (Aleshin et al., 1992). Residues closer than 5A to Ala471 and Thr72 are displayed. Blackballs 
signify water molecules. The figure was generated using the program MOLSCRIPT (Kraulis, 1991). 
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First, the mutant A471C/T72C has faster mobility than wild-type during SDS-PAGE 
under non-reducing conditions (Figure 2), suggesting that an additional disulfide bond forms 
a new loop retarding the migration. The possibility that a truncated enzyme was formed in 
this case was eliminated by DNA sequencing of the mutant cDNA and MALDI analysis. The 
MALDI data showed that the mutant GA had the same molecular weight as wild-type GA 
(Figure 3). Mutant A27C/N20C has the same migration as wild-type GA, which may be 
because the additional loop caused by the engineered disulfide bond is too small (seven 
residues) to affect migration. 
Second, the new disulfide bonds were demonstrated by thio group titration. 
Comparing the numbers of free thio groups before and after the treatment of reducing reagent 
DTT, the total disulfide bonds in mutant and wild-type GA were deduced as reported in 
Table I. Wild-type, A27C/N20C, and A417C/T72C GA have in total 8.6,10.9. and 10.4 free 
thio groups respectively according to the [SH]/molecule ratio in the presence of reducing 
reagent DTT (Table I). In the absence of DTT the numbers are 0.9, 0.9 and 1.3, respectively 
(Table I). This suggested that the number of disulfide bonds among wild-type, A27C/N20C 
and A471C/T72C are 4.5 and 5, respectively. Therefore, the introduced cysteine residues 
formed disulfide bonds instead of remaining free thiols. 
Enzymatic Activity and Optima Temperature of Catalysis 
The enzymatic properties of double mutations A27C/N20C and A471C/T72C were 
not changed compared with wild-type at 350C and SO^C as shown in Table II, while single 
mutations had significant reduced activity. Mutant A27C/N20C and A471C/T72C had 
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Figure 2. SDS-PAGE of wild-type (Lane 2), A27C/N20C 
(Lane 3), A27C (Lane 4), N20C (Lane 5) GAs 
A471C/T72C (Lane 6) (10 fig/lane) on a 10% 
polyacrylamide gel stained with Coomassie 
brilliant blue R-250. Molecular weight markers 
are loaded in Lane 1 and have the following 
molecular weight from the top to the bottom: 
200,OOODa, 116,250Da, 97,400Da and 66,200Da. 
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Figure 3.(a) MALDI spectrum of wild-type GA. 
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Figure 3. (cont'd) (b) MALDI spectrum of A471C/T72C GA. 
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specific activities at 50°C and kinetic parameters at 35°C very close to wild-type GA (Table 
II). The single mutant A27C had slightly increased K„ but the same k^at value as wild-type 
GA, and thus a reduced k^,l K„ ratio of -30%. Mutant N20C had the same K;„ but both a 
decreased k^at KaJ ratio and a decreased specific activity at SO^C of more than 50%. 
Table I. Summary of DTNB-titratable sulfhydryi groups in wild-type and mutant GA 
with or without DTT reducing 
Enzymes [SH]/molecuIe 
DTT+ DTT-
No. of disidfide bonds* 
WT 8.6 0.9 4 
A27C/N20C 10.9 0.9 5 
A471C/T72C 10.4 1.3 5 
* No. of disulfide bonds= ([SH]/molecule (DTT+)-[SH]/molecule (DTT-))/2 
The combined mutants A27C/N20C/G137A and A27C/N20C/S436P had increased the 
specific activity while mutant G137A/S436P had similar specific activity to wild-type GA 
The double mutants A27C/N20C and A471C/T72C as well as the combined mutant 
A27C/N20C/G137 had changed the optimal temperatures for catalysis. Relative activity 
assays at temperatures firom 60OC to 740C (Figure 4) showed that wild-type, mutant 
A27C/N20C and A471C/T72C had the highest activity at 710C, 12^0, and 12.5^C, 
respectively. From 60OC to 67.50C, mutant and wild-type GA had very similar activities. 
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Table n. Catalytic properties of wild type and mutant GAs. 
GA form Specific Activity 
(lU/mg GA) (mM) 
Ir 
'^ cat 
( s ' l  (s'' mM*') 
WT^ 20.6±0.2'' 0.72±0.03 8.67±0.17 12.0 
A27C 14.9±1.1 0.86±0.I1 8.02±0.45 9.3 
N20C 8.1±0.5 0.70±0.05 3.97±0.12 5.7 
A27C/N20C 18.3±0.7 0.90±0.08 9.61±0.40 10.7 
A471C/T72C 22.7±1.5 0.87±0.07 10.17±0.40 11.6 
A27C/N20C 
/S436 22.5±1.8 N/D'' N/D N/D 
A27C/N20C 
/G137A 24.2±0.8 N/D N/D N/D 
G137A/S436P 25.0±0.9 N/D N/D N/D 
a 
^ Produced in shaking flasks 
standard error 
not determined 
However, when the temperature was above 70°C. their relative activities differed 
substantially. Mutants A27C/N20C and A27C/N20C/G137A had higher activity than wild-
type consistently from 70°C to 76^C with a peak at 71.5°C and 72.50C, respectively, while 
mutant A471C/T72C had activit>' lower than wild-type from 70OC to 710C and 73°C to 
740c but higher at 71.50C which is its optimal temperature. Thus mutant GAs A27C/N20C, 
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A471C/T72C and the combined mutant A27C/N20C/G137A had increased the temperature 
optima above wild-type by 1.5°C, 1.5°C and 2°C, respectively. 
Irreversible Thermoinactivatioii of GA 
The irreversible thermoinactivation of wild-type and mutant GA was studied at 650C. 
67.50C, 70OC, 72.50c, 75°C. and 77.5 ^C with first-order irreversible theremoinactivation 
coefficients shown in Figure 5. Mutants A27C, A27C/N20C, A471C/T72C. 
A27C/N20C/G137A, A27C/N20C/S436P and G137A/S436P had smaller kj values than did 
wild-type GA within the measured temperature range, which means the activity decayed 
more slowly than wild type, while mutant N20C had greater kj value than wild-type at all 
temperatures except 15^C. which means that N20C decayed faster than wild-type. 
Table III shows the activation enthalpy (AH*), entropy (AS*) and fi-ee energy of 
unfolding (AG*) at 65^C and 750C of wild-type and mutant GAs, calculated according to 
transition-state theory. The enthalpies of N20C and A27C/N20C decreased by 42 and 24 
kJ/mol respectively, while no significant change occurs for A27C and A471C/T72C. 
Mutants N20C and A27C/N20C had decreased entropy of 115 kJ/mol and 75 kJ/mol 
respectively, while entropy of mutants A27C and A471C/T72C showed no significant 
change. Mutant A27C and A471C/T72C had a slightly higher AG* than wild-type GA at 
650C and 750C (<0.5 kJ/mol). while the AG* of A27C/N20C was higher than that of wild-
type by 1.5 and 2.2 kJ/mol at 650C and 750C respectively. Mutant N20C had a decreased 
AG* by 3.0 and 1.8 kJ/mol at 65°C and IS^C, respectively, with wild-type GA. Therefore, 
the engineered disulfide bond mutant A27C/N20C significantly increased GA 
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Figure 4. Initial reaction rates of wild-type (O), A27C/N20C (•). A471C/T72C (V). 
and A27C/N20C/G137A (T) glucoamylases with 4% maltose as substrate 
measured in 0.05 M sodium acetate buffer (pH 4.5) at temperatures from 
60OC to 760C. 
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Figure 5. Effect of temperatxire on first-order thermoinactivation rate coefficients {kj) of 
WT (O), A27C (•), N20C (V), A27C/N20C (T), MllCmiC (•), 
A27C/N20C/G137A (•), A27C/N20C/S436P (•) and G137A/S436P (•) 
GAs measured in 0.05 NaOAC, pH 4.5 buffer. 
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Table HI. Activation parameters for irreversible thermoinactivation of wild-type (WT) 
and mutant GAs at pH 4.5. 
GA form AHt 
(kJ/mol) 
ASI AG»(650C) AGK750C) 
(J/mol-K) (kJ/moI) (kJ/tnol) 
WT 
A27C 
N20C 
366± 
370±15 
324±I1 
A27C/N20C 342±16 
A471CyT72C 365± 9 
A27C/N20C 352± 6 
/S436P 
A27C/N20C 362± I 
/G137A 
G137A/S436P 362±20 
S436P'' 351± 8 
G137A'' 330± 6 
769± 4 
780±44 
654±33 
694±46 
768±26 
724±18 
751± 2 
752±57 
723±24 
66l±l7 
105.7 
106.3 
102.7 
107.2 
106.0 
107.9 
108.4 
107.7 
106.2 
106.5 
98.0 
98.5 
96.2 
100.2 
98.3 
100.7 
100.9 
100.2 
99.0 
99.9 
a 
produced by shaking flask 
standard error 
Li et al., 1996 
•'Chen era/., 1996 
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thermostability compared with wild-type GA while the single mutants produced either a 
slight increase (A27C) or a slight decrease (N20C) in thermostability. The other disulfide 
bond mutant had the thermostability identical to wild-type GA. 
Figure 6. presents the additivity of the combined mutations. This triangle has three 
single mutations at each side. The unfolding free energies at 70°C of each mutation compared 
with wild-type are in parentheses and the unfolding free energy of the combined mutations 
are on the lines. The helix flexibility mutant G137A showed additive thermostability when 
combined with either S436P or A27C/N20C. The combination S436P with A27C/N20C did 
not show additivity. 
DISCUSSION 
We engineered two disulfide bonds into A.awamori GA to test the effect on 
irreversible thermostability and catalytic activity. Unlike several reported examples of protein 
engineering aimed at increasing thermostability by introducing disulfide bonds into small 
proteins exhibiting reversible denaturation (Betz, 1993). GA is a large protein (M^. 82.400) 
that undergoes irreversible thermal denaturation, complicating the analysis and 
rationalization of protein stability properties. 
In this study we found that the region adjacent to residue Ala27 and Asn20 in GA is 
an important site for thermostability. This region is a loop containing the conserved S1 
fragment of GA involved in substrate binding (Coutinho and Reilly, 1994a), which is near 
another loop very critical for catalysis containing residue Trpl20, a residue involved in 
substrate binding (Sierks et al., 1989). The disulfide bond linkage between residue 27 and 20 
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could stabilize either or both of the loops thus stabilizing the functional conformation. 
Previous work has shown that as GA undergoes irreversible thennoinactivation. ±e rate-
determining step is the formation of incorrect conformations, the so called "scrambled 
structures" (Ahem and Klibanov, 1985, 1988). It has been suggested that aggregation and 
precipitation (often blamed for irreversible protein thermoinativation) are not the rate-
determining steps in thennoinactivation of GA because the inactivation process obeys first-
order kinetics (Munch and Tritsch 1990). Neither deamidation of Asn and Gin residues nor 
hydrolysis of aspartyl bonds determines the inactivation rate, because the former reaction is 
too slow compared with GA thennoinactivation above 70°C and the latter reaction is found 
to be a consequent event following GA thennoinactivation (Munch and Tritsch, 1990). Heat 
induced disulfide bonds breakage and formation of mismatched linkages does not happen 
within the GA operating pH range (Munch and Tritsch, 1990). Further site-directed 
mutagenesis studies on GA supports this hypothesis. To eliminate sites of deamidation and 
peptide hydrolysis (Chen et al.. 1994 a.b), mutations Asnl82^Ala and Asp257—•Glu were 
made and found to reduce ineversible thermoinactivation rates at pH 4.5 only below TQOC. 
On the contrary, mutations Glyl37-»Ala. Glyl39-^Ala and Glyl37/139->Ala/Ala, made to 
reduce helix flexibility, showed increased thermostability up to 75^C (Chen et al., 1996), 
apparently by retarding the formation of "scrambled" stmctures. Here we propose that GA 
thennoinactivation includes both a reversible and ineversible mechanism, which can be 
described by the following expression: 
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A27C/N20C 
(1.8db0.2kJ/mol) 
S436P 
(0.7±0.1 kJ/mol) 2.1±0.2 kJ/mol 
G137A 
(1.5 kJ/mol) 
Figure 6. The additivity of thermoinactivation. Unfolding free energies of single 
mutation are in parentheses and those of the combined mutants are on the 
line. 
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Native State (N) —> Partially Unfolded State (U) —> Incorrect Conformation (D) 
("Scrambled Structure") —> Hydrolysis of Peptide 
Where N is the native state of GA, U is a partially unfolded state with partial activity. 
D is a state with incorrect conformation with no activity, and following the D state is peptide 
hydrolysis. The partial activity of the U state is caused by enhanced intermolecular motion 
driven by higher temperature. The residues involved in catalysis suffer momentary 
displacement from the positions favored for substrate binding and catalysis leading to partial 
loss of activity. In this model, the process from the N state to the U state is reversible because 
the displacement of residues which diminishes frmction can happen in one moment but 
disappear in the next moment, whereas from U to D this change is irreversible. Our present 
data strongly supports this model. Mutants A27C/N20C and A27C/N20C decreased both the 
irreversible thermoinactivation as well as its reversible inactivation. The effect on reversible 
inactivation was indicated by the higher temperature optima than wild-type, as monitored by 
initial reaction rates at high temperatures. These results suggest the engineered disulfide bond 
alone and when combined with G137A, prevents the functional N state from changing to 
partially functional U state. The activity of GA at high temperatures is a compromise 
between the favored effect (i.e. higher chance of collisions between GA and its substrate) and 
the unfavored effect (i.e. momentary displacement of functional residues) from 
intermolecular motion. The optimal temperature for GA activity is the temperature at which 
the net effect from both tendencies is best for catalysis. Although the disulfide bond mutant 
A471C/T72C shows the same rate of irreversible thermoinactivation, it has a higher optimal 
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temperature of catalysis at which it iniiibits reversible inactivation better than wild-type GA 
does. 
Classical theory suggests that the mechanism by which disulfide bonds stabilize 
proteins is by decreasing die configiurational entropy of the unfolding state of protein (Betz. 
1993). More recent theories suggest that besides unfolded entropy effects, the native entropic 
and enthalpic effects should also be considered (Betz, 1993). In a study to investigate the 
effects of natural disulfide bonds on the native state configurational entropy of BPTI. the 
reduction of disulfide bonds results in favorable entropic contributions to free energy of 2-5 
kcal/mol for this protein (Tidor and Karplus, 1993). The structural analysis in this case shows 
that crosslinks between flexible regions decreases the native state entropy more than those 
between rigid regions. In other words, crosslinks between constraining rigid regions may be 
not stabilizing all the time, and sometimes are even destabilizing. In our study, mutant 
A27C/N20C GA showed a decrease in AS^ thus supporting this idea. In a related study in our 
lab (Allen and Ford, 1996), replacement of Ser30 by the backbone-rigidifying residue proline 
successfully increased the thermostability of GA. Both Ala27 and Ser30 are located in the 
same loop following helix 1, and successful thermostability mutations in this region therefore 
indicate that this region is very flexible. On the other hand, mutant A471C/T72C GA had an 
unchanged AS^ and AH^ An explanation for this may be that although the entropy of the 
unfolding state decreased due to the mutation, the entropy of the native state also decreased 
unfavorably, leading to a zero net effect. However, since the crystal structure data of A. 
awamori var. XI00 GA (Aleshin et al., 1992) only covers the first 471 residues of this 
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protein, the constraining status of the disulfide bond linkage between residue 471 and 72 and 
their adjacent regions could not be determined in our study. 
It is very interesting that the combination of mutations produced different levels of 
additivity of thermostability. Both of the combinations that included G137A are additive 
whereas the combination between A27C/N20C and S436P is not additive. We could explain 
that the locations of mutations A27C/N20C and S436P are relatively far away from each 
other whereas mutation G137A is located in a region that near both of A27C/N20C and 
S436P (Figure la). The combination of mutations among the nearby regions would have an 
additive effect because the unfolding of these regions is related, whereas the combination 
between regions that are far apart would not be additive because the unfolding of these 
regions is not closely related. 
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GENERAL CONCLUSIONS AND RECOMMENDATIONS 
General Conclusions 
Mutations K61R, K404R and K352R have no effect on the specific activity of 
glucoamylase. Mutation K352R slightly retards irreversible thennoinactivation. Mutation 
K404R and K61R increased the rate of irreversible thennoinactivation. Mutation K279R 
retains 70% of specific activity of wild-type glucoamylase with barely changed 
thermostability. 
The cavity at the inner set of six helices contributs both to thermostability and to 
folding of glucoamylase. Mutation H254W/E326Q eliminates the essential hydrogen bond 
between residues 254 and 326 thus can not fold correcdy. thereby decreasing specific 
cativity five-fold and decreasing the glucoamylase melting temperature approximately for 
5°C. Mutation K61F/D65E has no effect on specific activity. It may enhance the hydrophobic 
contacts in the cavity but it still decreases GA thermostability. 
All the proline introducing mutations except S460P have no effect on specific activity 
but have increased stability' against unfolding caused by denaturant. S436 increases 
thermostability while mutation A435P has no effect on thermostability. Mutations A27P, 
A393P and S460P decrease thermostability as well as stability against unfolding caused by 
denaturant. The 0-glycosylation of residue S460 is essential for thermostability. 
The engineered disulfide bonds between residues 27 and 20, and 471 and 72 can form 
spontanously after glucoamylase secretion. The disulfide bond between residue 27 and 20 
stabilizes glucoamylase while the disulfide bond between residues 471 and 72 barely affects 
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thermostability. Both of the disulfide bond mutations have increased temperature optima by 
1.5°C. 
The combinations of thermostable mutations have no effect on specific activity or 
slightly increase it. The additivity of combined mutations on thermostability is different. 
Mutations A27C/N20C/G137A and A27C/N20C/S436P have additivity on thermostability 
while mutation G137A/S436P has no additivity. Mutation A27C/N20C/G137A increases the 
temperature optimum by 2''C. 
General Recommendations 
Conduct DSC experiment on glucoamylase thermostability mutants to analyze their 
effect on thermal unfolding and try to dissect the unfolding process of glucoamylase. e.g. the 
unfolding profile of each part of this enzyme to provide clues to stabilize the most 
thermolabile part. 
Engineer more disulfide bonds. 
Introduce more N- and 0-glycosylation sites. Introduce thermostable mutations into 
Aspergillus to get different patterns of glycosylation. 
Develope technique to conduct random mutagenesis of glucoamylase to screen for 
thermostable mutants. Especially start mutagenesis with thermolabile mutants to try to get 
thermostability suppresser phenotype mutants for further analysis. 
Engineer new metal binding site into glucoamylase. 
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